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ABSTRACT 
Today’s state of the art additive manufacturing (AM) systems have the ability to fabricate 
multi-material devices with novel capabilities that were previously constrained by traditional 
manufacturing. AM machines fuse or deposit material in an additive fashion only where necessary, 
thus unlocking advantages of mass customization, no part-specific tooling, near arbitrary 
geometric complexity, and reduced lead times and cost. The combination of conductive ink micro-
dispensing AM process with hybrid manufacturing processes including: laser machining, CNC 
machining, and pick & place enables the fabrication of printed electronics. Printed electronics 
exploit the integration of AM with hybrid processes and allow embedded and/or conformal 
electronics systems to be fabricated, which overcomes previously limited multi-functionality, 
decreases the form factor, and enhances performance. However, AM processes are still emerging 
technologies and lack qualification and standardization, which limits widespread application, 
especially in harsh environments (i.e. defense and industrial sectors). 
This dissertation explores three topics of electronics integration into AM that address the 
path toward qualification and standardization to evaluate the performance and repeatable 
fabrication of printed electronics for resilience when subjected to harsh environments. These topics 
include: (1) the effect of smoothing processes to improve the as-printed surface finish of AM 
components with mechanical and electrical characterization—which highlights the lack of 
qualification and standardization within AM printed electronics and paves the way for the 
remaining topics of the dissertation, (2) harsh environmental testing (i.e. mechanical shock, 
thermal cycling, die shear strength) and initiation of a foundation for qualification of printed 
xii 
electronic components to demonstrate survivability in harsh environments, and (3) the 
development of standardized methods to evaluate the adhesion of conductive inks while also 
analyzing the effect of surface treatments on the adhesive failure mode of conductive inks. 
The first topic of this dissertation addresses the as-printed surface roughness from 
individually fusing lines in AM extrusion processes that create semi-continuous components. In 
this work, the impact of surface smoothing on mechanical properties and electrical performance 
was measured. For the mechanical study, surface roughness was decreased with vapor smoothing 
by 70% while maintaining dimensional accuracy and increasing the hermetic seal to overcome the 
inherent porosity. However, there was little impact on the mechanical properties. For the electrical 
study, a vapor smoothing and a thermal smoothing process reduced the surface roughness of the 
surfaces of extruded substrates by 90% and 80% while also reducing measured dissipative losses 
up to 24% and 40% at 7 GHz, respectively. 
The second topic of this dissertation addresses the survivability of printed electronic 
components under harsh environmental conditions by adapting test methods and conducting 
preliminary evaluation of multi-material AM components for initializing qualification procedures. 
A few of the material sets show resilience to high G impacts up to 20,000 G’s and thermal cycling 
in extreme temperatures (-55 to 125ºC). It was also found that coefficient of thermal expansion 
matching is an important consideration for multi-material printed electronics and adhesion of the 
conductive ink is a prerequisite for antenna survivability in harsh environments. 
The final topic of this dissertation addresses the development of semi-quantitative and 
quantitative measurements for standardizing adhesion testing of conductive inks while also 
evaluating the effect of surface treatments. Without standard adhesion measurements of 
conductive inks, comparisons between materials or references to application requirements cannot 
xiii 
be determined and limit the adoption of printed electronics. The semi-quantitative method evolved 
from manual cross-hatch scratch testing by designing, printing, and testing a semi-automated tool, 
which was coined scratch adhesion tester (SAT). By cross-hatch scratch testing with a semi-
automated device, the SAT bypasses the operator-to-operator variance and allows more repeatable 
and finer analysis/comparison across labs. Alternatively, single lap shear testing permits 
quantitative adhesion measurements by providing a numerical value of the nominal interfacial 
shear strength of a coating upon testing while also showing surface treatments can improve 
adhesion and alter the adhesive (i.e. the delamination) failure mode of conductive inks. 
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CHAPTER 1  
INTRODUCTION 
1.1 Motivation 
Manufacturing is currently undergoing a paradigm shift that has the potential to be as 
influential as the industrial revolution—the additive manufacturing (AM) revolution [1-4]! In the 
industrial revolution, modern traditional manufacturing techniques began to spring up as processes 
with machines that evolved to the forms we are accustomed to in modern times. The introduction 
of machines allows manufacturing processes to achieve mass production continuously and 
repeatedly, which overcame the slow and tedious manual production methods that were ubiquitous 
prior to the industrial revolution; for instance, sewing machines replacing manual sewing for 
textiles [2]. AM, in a way, merges the benefits of the industrial revolution and manual production 
methods by utilizing machines to create structures with organic features (i.e. manual production 
methods like sculpting) but in a controlled and repeatable fashion (i.e. with machines in the 
industrial revolution). 
Not only can AM produce structures with organic features, AM processes are well known 
to have the specific advantages of: (1) producing structures with near arbitrary geometry including 
complex internal structures, (2) mass customization on a per component basis, and (3) the 
elimination of part-specific tools; all of which enable new design freedoms that were previously 
prohibited with traditional manufacturing techniques [1, 3-5]. 
The first advantage comes from the fact that many additive manufacturing processes are 
just that: ‘additive’. An additive approach to production enables material to be strategically placed 
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only where necessary and permits complex structures to be fabricated with greater design freedom 
than was possible with traditional manufacturing. For example, fabricating a component with an 
internal cellular structure with traditional manufacturing would be extremely tedious or often 
impossible, but internal cellular structures are routinely utilized in AM processes. 
The second advantage of mass customization is particularly advantageous for products that 
can be individualized or ‘customized’ on a per component basis. This is highly appealing for 
industries like medicine in which components like hip prosthesis, bone implants, and even 
prescription pills can be tailored specifically to an individual [4, 6, 7]. AM allows mass 
customization since each component is traced back to a digital blueprint, which can be modified 
freely before fabrication without any additional cost. Mass customization also bleeds into the third 
significant advantage of AM as part-specific tools are eliminated in AM processes. Without the 
need for part-specific tools, modifications or added complexity to components is essentially free 
in AM processes as designers or fabricators no longer need to be restricted to a mold, die, or fixture 
that can be expensive to modify and requires large production runs to be economical [2]. 
Multi-material AM processes further enable additional freedom for previously unattainable 
products or devices; for example, introducing conductive materials in an additive fashion unlocks 
‘structural electronics’. Structural electronics merge form (structure) with function (electronics) to 
overcome previously prohibited electronics manufacturing constraints by permitting electronics to 
conform to the structure [8-10]. This means electronics can now be three-dimensional (3D) and/or 
embedded, which decreases the form factor while allowing additional electronics to be added to a 
design if necessary and increasing security if embedded. An example of structural electronics is 
relocating an antenna from the interior of a device to perhaps an external surface, which creates 
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space for additional electronics or the overall structure may be miniaturized to decrease material 
and weight. 
Many of these advantages and potential utilizations of AM would seem to inspire 
immediate adoption of AM across a wide range of industries; however, many AM processes are 
still emerging technologies and have obstacles before reaching the maturity to fully transform 
modern manufacturing. Common obstacles and challenges of AM processes include: (1) as-printed 
surface roughness from the sequential fusing of 2D layers in an additive approach to render 3D 
geometries, (2) anisotropic properties (both mechanical and electrical) from AM processes having 
directional material makeup, (3) the need for product validation procedures, qualification, and in 
general a lack of standards/design processes for assessing the properties and performance for 
reliable and repeatable AM components [1, 11, 12]. Once these obstacles and challenges are 
addressed (among others) AM will have the potential to live up to paradigm shifts equivalent to 
the industrial revolution. 
1.2 Dissertation Outline 
This dissertation consists of several chapters to address the common obstacles to AM listed 
above with particular attention to multi-material AM with conductive materials. The following 
chapter dives into a deeper foundation of AM and 3D printed electronics, which are produced from 
conductive material deposition that some multi-material AM processes offer. 
Chapters 3 and 4 specifically address the undulated surface roughness and directional 
material makeup of extrusion AM processes with an outlook on both mechanical and electrical 
characterization of 3D printed packaging, respectively. The surface roughness is combatted with 
smoothing processes including vapor and thermal smoothing. Vapor smoothing significantly 
reduces surface roughness while maintaining dimensional accuracy and increasing the effective 
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hermetic seal of extruded components to prevent contamination and/or moisture absorption that 
may compromise electronic functionality in electronics applications. Both smoothing processes 
also offer improvements to electrical performance but thermal smoothing is shown to decrease the 
dissipative losses of RF electronics more effectively. 
Chapters 5 and 6 seek to evaluate the potential of multi-material printed electronics 
components subjected to harsh environmental conditions. Existing standards are either adopted, 
modified, or proposed to provide a foundation for evaluating and initializing qualification of 
printed electronic performance in harsh environmental conditions with the goal to rapidly screen 
materials in a selection process for survivability in harsh environments. 
Furthermore, Chapters 7 and 8 involve the development of standard protocols to evaluate 
the adhesion of conductive inks for printed electronic applications. These protocols provide a semi-
quantitative and quantitative measurement of adhesion with the goal to rapidly screen materials 
for survivability in harsh environmental conditions. Chapter 8 also presents the effect of surface 
treatments on the adhesive failure mode of conductive inks. 
  
5 
 
 
 
 
 
CHAPTER 2  
FOUNDATION OF ADDITIVE MANUFACTURING AND PRINTED ELECTRONICS 
2.1 Benefits of Additive Manufacturing (AM) 
AM processes construct components by additively depositing material with computer 
control from a digital blueprint [3, 12]. An additive approach to component construction means 
components are built from the bottom up in a sequential stacking/fusion process, which allows 
complex geometries and features to be fabricated both externally and internally. This further 
allows much more design freedom and the fabrication of components with AM that were 
previously unattainable or constrained with traditional manufacturing [3-5, 11, 12] since complex 
geometries and features (especially internal) either warrant a significant cost increase, were very 
tedious and time consuming, or were impossible to produce. 
Lattice structures are common internal cellular geometries that can be fabricated with the 
geometric freedom of AM processes. Figure 2.1 depicts lattice structures that have a designed 
periodic geometry that could be used to fill the internal volume of components to reduce weight 
and material [13, 14]. Lattice structures are highly appealing for industries like aerospace and 
defense for creating ultra-lightweight components that have the potential to enhance performance 
greatly with reduced mass/material and added functionality [15, 16]. Figure 2.2 depicts an example 
of a component when redesigned using the complexity freedom of AM [17] with less material 
consumption and more organic shapes for the redesigned towing hook using AM. Other redesigns 
can also be found here [18-20]. 
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Figure 2.1: (a) Octet lattice structure that is designed for high specific stiffness and strength that can 
be used to fill the internal volume of structure to yield a ultra-lightweight load-bearing structure © 
International Journal of Solids and structures 2015 [13] and (b) diamond lattices with varying unit 
cell length (L) and strut thickness (t) to tune the relative density thus mechanical response of the 
structure © Additive Manufacturing 2018 [14]. 
 
Figure 2.2: Example of a component redesigned when leveraging the complexity freedom of AM (a) 
original towing hook and (b) redesigned towing hook leveraging the geometric freedom of AM with 
less material and organic shapes © Procedia Manufacturing 2017 [17]. 
Additively constructing components also eliminates the need for part-specific tooling that 
is common to most traditional manufacturing techniques. Part-specific tools often encourage large 
production runs in traditional manufacturing and modifications to a component require an initial 
investment for the fabrication of the part-specific tool [2]. Since AM bypasses this often limiting 
constraint, modifications to a component or added complexity is essentially free in AM processes. 
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This further translates to every single component in a sequential or batch production run with AM 
can have unique geometry, which is commonly referred to as ‘mass customization’. 
Additionally, AM has garnered attention in the past couple of decades by initially providing 
a rapid prototyping tool. With improved part quality and reduced costs, AM is becoming a viable 
manufacturing tool for low-volume production runs [1, 3]. When comparing the cost versus 
number of components and the cost versus complexity in Figure 2.3, AM manufacturing processes 
will usually have a constant cost whereas traditional manufacturing cost will decrease as the 
number of components increases and conversely increase as the complexity of components 
increase [21-23]. This further suggests AM is particularly appealing when low volume production 
runs or high component complexity is desired. 
 
Figure 2.3: Typical trends of cost versus number of units and complexity when comparing traditional 
manufacturing and AM. Note the constant cost of AM as number of units and complexity increases 
© Rojas 2017 [21]. 
Examples of mass production with AM include Phonak and EnvisionTec printing hearing 
aid shells and Invisalign printing dental retainers. These applications are particularly advantageous 
when using AM as literally each hearing aid shell or retainer is unique with relatively complex 
geometry and employing AM significantly reduces the cost without the need for one-off molds for 
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traditional manufacturing. [24-26] Another example for mass production of AM is the plan for GE 
to additively manufacture jet engine fuel nozzles, which they claim are more durable than the 
current design as the assembly is cut down from around 20 parts to a single component while also 
slicing the weight by 25% and have cost benefits. [27, 28] An aspect that is currently limiting mass 
production in AM is the build rates, which are generally much slower than traditional 
manufacturing build rates; however, companies like HP are enhancing the build rates to increase 
the throughput of AM machines with high speed sintering processes [29, 30]. Innovations like 
HP’s MultiJet Fusion high speed sintering machine increase the repeatability of AM processes and 
continue to progress the potential for AM to evolve from a rapid prototyping technique to a viable 
mass production method. 
Furthermore, digital blueprints for computer controlled AM machines allow a shift from 
physical inventory to digital inventory [1, 3, 4]. Components can now be printed on demand and 
when needed as opposed to running large production runs to decrease the cost but having 
components potentially absorb shelf space for years with traditional manufacturing. The digital 
blueprint and a reduction in physical inventory also promotes rapid refresh of technologies or 
devices as designs can be rapidly prototyped without being bogged down by manufacturing 
constraints. 
2.2 Multi-Material AM 
The deposition of multiple materials in AM processes expands the benefits and capability 
of AM, which further increases the functionality of printed components. Multi-material AM can 
be achieved in many ways, such as: depositing materials with varying properties, materials with 
the same composition but with different color, support material, and even binders or other agents 
that serve a specific purpose (e.g. detailing agent in HP’s multi-jet fusion to improve the edge 
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resolution [31]). [32] In this work multi-material AM will be defined as the deposition of two or 
more dissimilar materials with varying properties (i.e. conductivity, strength, stiffness, hardness, 
CTE, temperature resilience, etc.) with particular focus on processes allowing conductive material 
deposition. 
2.2.1 Multi-Material AM Benefits 
Vaezi et al. provides an extensive review of multiple material AM and the benefits are 
summarized below [33] with examples below from my work: 
 Design freedom: Designers can create multi-material components with defined specific 
material properties that can be varied throughout the structure of a component and were 
previously impossible with traditional manufacturing. For example, a component can have 
spatially varying stiffness by depositing a low stiffness material in one region for flexibility 
while another region has a high stiffness material for rigidity. 
 Design protection: Multi-material AM can easily embed and protect components, which is 
highly appealing for components that require both mechanical and electrical protection. 
Additionally, each component can have a unique ‘finger print’ as an embedded component. 
An example of design protection could be altering embedded electronics to receive or 
transmit different signals based on the specific application while also surreptitiously 
embedded below the surface for an added layer of protection. 
 Increased functionality: Many AM components have inferior properties or performance 
when comparing components made with traditional manufacturing techniques, but multi-
material AM permits additional functionality. For instance, sensors can either be embedded 
or conform to a structure for structural health or other monitoring purposes previously 
unachievable with traditional manufacturing. 
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 Elimination of assembly: A multi-component product can be fabricated in the ‘as 
assembled’ state without the need for fasteners or assembly labor. Thus elimination of 
assembly creates a more streamlined and productive manufacturing process. For example, 
using support material to suspend a ball bearing in the inner race while printing but later 
removed so the ball can move freely. 
 Efficient manufacturing system: Multi-material AM enables the potential fabrication of 
complex 3D functional structures all within a single integrated manufacturing system. This 
reduces material usage, waste, and energy while also offering a more cost-effective 
manufacturing process for green engineering/manufacturing. 
2.2.2 Multi-Material AM Limitations 
The benefits of multi-material AM discussed above have the potential to unlock many new 
applications and enable the manufacture of previously impossible designs; however, many AM 
processes with multiple materials still remain at the research level because of limitations and 
challenges [34-36]. One of the central challenges to AM is that many AM processes are optimized 
for a single material in terms of processing conditions including: temperature, cure time and light 
frequency, solidification, and so on [35], which makes compatibility of multiple materials in the 
same process difficult. 
Even if processes are multi-material capable, this does not necessarily indicate the 
materials themselves are compatible. For instance, many materials are temperature sensitive and 
multi-material processes with different materials may have limits that cannot be exceeded without 
degrading the material. For example, a lower temperature material limits the working temperature 
for the multi-material process and may constrain the advantages of multi-material AM. Also, it 
may be very difficult to combine different AM processes for the benefits of multi-materials. For 
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instance, integrating powder processes with extrusion or pump processes will pose many 
challenges inherent to the fundamental differences in material makeup (i.e. how do you deposit an 
extruded material onto powder without having a multi-staged process?). 
Furthermore, changing materials for a multi-material AM process can take considerable 
time and effort to prevent cross-contamination between materials does not occur. Another key 
limitation inherent to multi-material processes is adhesion, or the bonding of dissimilar materials 
[33]. Adhesion can be a challenging issue even in conventional manufacturing, but since many 
dissimilar materials are directly deposited onto one another in AM processes adhesion becomes 
even more critical. Vaezi et al. provide more details on other challenges including: process 
interruption, hybrid and multi-axis systems, and materials development [33]. More details that are 
specific to multi-material AM with conductive materials will be discussed in Section 2.5. 
2.2.3 Key Multi-Material AM Processes 
There are many AM processes that currently have multi-material capability, but for this 
work, the focus will be emphasized on processes that have been demonstrated to deposit 
conductive materials as well as insulating dielectric materials for printed electronics. More details 
on other multi-material AM processes can be found here [33, 37]. 
2.2.3.1 Extrusion Based Multi-Material AM 
Extrusion based systems utilizing the fused filament fabrication (FFF) AM process is a 
common multi-material AM approach. A fused filament fabrication process, coined fused 
deposition modeling (FDM) by Stratasys, extrudes thermoplastic in either a pellet or more 
commonly filament form through an extruder with a heated nozzle onto a heated build platform 
[38]. To enable multi-material AM with FDM processes, two or more extruders are incorporated 
into the machine as depicted in Figure 2.4. In order to utilize conductive materials, conductive 
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filaments with additives of usually copper or carbon particles are extruded for conductive circuits. 
However, conductive filaments have very high resistivity with values several orders of magnitude 
greater than bulk copper or silver [39-41]. 
 
Figure 2.4: Extrusion based multi-material AM system with dual extrusion (one for each filament 
roll). Each extruder is fed with a material that is extruded through a hot nozzle in designed regions 
for multi-material components. 
Extrusion based systems have advantages of being economical in terms of machines and 
materials, a wide range of materials can be extruded, and relatively easy to work with compared 
to other AM systems. However, multi-material extrusion processes with conductive materials have 
high resistivity and limits high power/frequency devices. Also, the extrusion nozzle diameter limits 
the feature resolution which is typically at least a few hundred microns but commonly approaches 
a millimeter in successful feature rendering and generally larger than other AM processes [11, 32]. 
Multi-material extrusion AM with conductive materials would be best for inexpensive electronics 
that don’t require high power/frequency, lots of user experience, or fine features in the micron 
range. [32, 33, 37, 42] 
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2.2.3.2 Direct Write via Nozzle Dispensing 
Direct write defines any technology that can locally deposit or subtract material without 
tooling or masks in complex configurations to create functional structures layer by layer onto flat 
or conformal surfaces [32, 43]. This definition would seem to fit many AM processes but the 
distinguishing factor for direct write is usually it entails a “small-scale” interpretation in which 
freeform structures are less than 5 mm in height and features sizes have the potential to be less 
than 50 µm [32]. For direct writing via nozzle dispensing, Figure 2.5 shows material is micro-
dispensed with a pumping mechanism through a fine nozzle and dispensed onto a surface. The 
nozzles used in direct writing are typically much smaller in diameter than ones used in extrusion 
processes. Micro and nano metallic inks are often used in direct write processes for deposition of 
conductive traces via nozzle dispensing [33]. Conductive inks are commonly loaded with at least 
30% silver or copper particles and often close to 70%, which yields resistivity values closer to a 
magnitude greater than bulk resistivity depending on processing conditions [44] but still vastly 
lower than conductive filaments that have resistivity values in the range of 6-7 orders of magnitude 
greater than bulk resistivity [39-41]. 
 
Figure 2.5: Direct write via nozzle dispensing diagram. Conductive materials can be micro-dispensed 
on the order of picoliters with a high resolution pump mechanism with the conductive material 
pressurized in a syringe as shown here. 
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Advantages of direct write with nozzle dispensing include the ability to create fine features 
with precise control using advanced technology systems (nScrypt Inc.) with fine nozzles and the 
use of relatively low resistivity inks that can fabricate electronic components without the need for 
ultra-high power or frequency. Direct write nozzle dispensing systems also have the greatest range 
of materials as a wide range of viscosities (1 – 1,000,000 cP) can be deposited and are relatively 
simple when comparing other ink-based systems [32, 35]. Disadvantages include feature resolution 
that is limited by nozzle diameter and the dispensing height from the nozzle tip to deposition 
surface is sensitive and must be maintained at a constant stand-off [32, 35]. The stand-off of the 
dispensing nozzle can be less than 100 µm, which can add complexity during printing and must 
be accounted for when depositing material. Laser scanning surfaces before depositing material in 
direct write nozzle dispensing processes can help maintain the constant stand-off of the nozzle; 
however, highly inclined or stepped surfaces are problematic as the nozzle may crash due to tool 
path generation not being able to overcome the sharp inclines or steps. 
Direct write nozzle dispensing processes are advantageous when fine features are desired 
with a wide range of materials, for simplicity relative to other ink-based processes, and when the 
ability to deposit on conformal surfaces without sharp inclines or step changes is desired. Direct 
write micro-dispensing of conductive inks is utilized to fabricate the printed electronic components 
in this work. 
2.2.3.3 Aerosol Jet 
Aerosol jet processes utilize an atomizer to aerosolize a composite suspension consisting 
of a liquid precursor and colloidal particles before jetting the atomized aerosol through a nozzle at 
high velocity. The colloidal particles can be metal (for conductive inks), dielectric, ferrite, resistor, 
or biological materials and aerosolized to create a dense aerosol of tiny particles, which normally 
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range 1 – 5 µm but droplets as fine as 20 nm have been successfully aerosolized [32, 33]. The 
dense aerosol is delivered to a dispensing nozzle in a carrier gas flow before the aerosol of particles 
is collimated with a second coaxial gas flow and jetted through the dispensing nozzle, as depicted 
in Figure 2.6. The aerosol stream does need to remain at a small, constant stand-off, but can be in 
the range of 2 - 5 mm [32, 35]. 
 
Figure 2.6: Aerosol jet diagram © CRC Press 2015 [35]. An atomizer aerosolizes a composite 
suspension to make an aerosol of the colloidal particles (conductive particles for printed electronics) 
before being carried to the aerosol nozzle with a carrier gas before being jetted with a high velocity 
sheath gas. 
A relatively large stand-off for aerosol jet when comparing direct write via nozzle 
dispensing makes accounting for non-planar surfaces easier and reduces the concern of damaging 
nozzles. Also, the aerosolized material permits fine features as small as 5-10 µm while the jetted 
aerosol stream has variable line widths from 5 to 5,000 µm, layer thicknesses in the range of 0.025 
– 10 µm, and is flexible to a wide range of material viscosities in the range of 0.7 – 2500 cP 
(although not as diverse of direct write) [32, 35]. However, the thin layer thicknesses can limit 
high power and frequency applications for printed electronics as resistance will increase [8], 
aerosol jet systems are complex and require inks that can be aerosolized, and the surfaces for jetted 
materials need to be smooth as rough and porous surfaces make it difficult to achieve a uniform 
deposition [32, 35]. 
16 
Aerosol jet processes are most attractive when depositing material on conformal surfaces 
that can have sharp inclines and step changes since the nozzle stand-off is greater than a couple 
millimeters, when high power and frequency applications are not desired, and when financial and 
training investments can be made for a the complex apparatus. 
2.2.3.4 Inkjet 
Inkjet AM processes are perhaps the most mature multi-material conductive ink deposition 
process since it is predicated on droplet based technology that has been widely established and 
used by many organizations [45, 46]. Figure 2.7 shows inkjet processes eject liquid material from 
a single or an array of nozzles from an inkjet print head by thermal or more commonly piezoelectric 
actuation. The ejection of liquid material makes physical properties including viscosity, surface 
tension, and density important considerations. Viscosity is generally limited to ~ 100 cP, which 
narrows the material range much less than aerosol jet and especially direct writing with nozzle 
dispensing [35]. 
 
Figure 2.7: Inkjet printing diagram. Liquid droplets are dispensed from a print head in a highly 
controlled fashion. The print head can have many nozzles that each eject a stream of droplets (two 
shown here) that can rapidly expedite the production process. 
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Furthermore, inkjet processes are best suited for planar, flat surfaces as deposited liquids 
onto conformal or inclined surfaces may not remain where initially deposited [32]. However, an 
array of inkjet print heads can allow rapid deposition of conductive ink circuits to allow fast and 
cheap production [32]. The main drawbacks are the need for planar or low curvature substrates, 
limited material viscosity range, controlling the dynamic deposition of an impacting liquid for 
uniform deposition, and highly loaded conductive inks may agglomerate through the fine nozzles 
and reduce jetting reliability [32, 35]. For instance, the control of the dynamic droplet deposition 
can be tedious as small droplets tend to decelerate and drift from the targeted regions; therefore, a 
stand-off of a couple millimeters is required although still much larger than direct write processes. 
Ink jetting conductive inks are most applicable when large, complex circuits on flat substrates are 
desired with speed and cost effectiveness using multiple print heads or an array of nozzles. 
2.2.3.5 Dip Pen 
Dip pen processes dip a very fine pen into a container of ink and then transfer the ink to a 
substrate when the pen is put in close proximity to the substrate through a water meniscus, which 
forms in ambient laboratory conditions [47]. The primary implementation of this process is dip 
pen nanolithography in which the pen is an atomic force microscope (AFM) tip and precisely 
controlled for nano-scale pattern deposition [32], as depicted in Figure 2.8. By utilizing several 
thousand AFM tips the dip pen process can be scaled up to deposit many nano-scale identical 
patterns; however, this method is not in practice. Dip pens processes are advantageous if nano-
scale structures are required with the possibility of massive parallelization with thousands of pens 
but disadvantageous as only nano-scale structures are relevant and the process requires ultra-
precise motion controllers and custom inks [32]. 
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Figure 2.8: Dip pen diagram, adapted from AzoNano [48]. In this case, conductive molecules are 
deposited onto a substrate through a water meniscus that forms under ambient laboratory conditions 
when the AFM tip comes within close proximity to the substrate. 
2.3 Printed Electronics 
Printed electronics define a sector of science and technology that can produce electronic 
devices and systems based on conventional printing techniques [49]. The central goal of printed 
electronics resides in the ability to manufacture integrated electronics systems using printing 
technology instead of much more sophisticated and costly complex integrated circuit (IC) 
manufacturing processes. Although well matured, IC manufacturing can involve several hundred 
steps of repeated thin film deposition, lithography, etching, and packaging that can be very costly 
and complicated [50]. For instance, IC lithography and photolithography systems can cost tens of 
millions of dollars and sometime exceed the 100 million mark [51]. Conversely, printing processes 
are relatively simple when comparing IC manufacturing processes and bypasses several steps for 
thin film or coating deposition [35, 49]. Figure 2.9 shows a typical comparison of IC manufacturing 
process versus a printing process. Note there is several steps for a single layer of thin film 
deposition for IC processes whereas thin films can be directly deposited in printing processes and 
possibly followed by a post-processes step depending on the deposited material. 
Printed electronics are fabricated in an additive fashion with printed inks that form a 
component or device in a layer-by-layer approach with different materials (conductors, insulators, 
semiconductors, etc.). The use of printed inks is based on conventional printing processes; 
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therefore, printed electronics can have high throughput with the use of roll-to-roll machines based 
on conventional paper media printers but with the use of inks containing conducting, 
semiconducting, and dielectric materials [49]. The additive approach to printing processes also 
produces much less waste material and consumes less energy. 
 
Figure 2.9: Comparison of IC manufacturing (a) versus printed electronics manufacturing (b), 
adapted from [35, 49]. Note thin film deposition take place in one step with possible post-processing 
for printed electronics whereas several steps are required to achieve the same deposition in IC 
manufacturing. 
2.3.1 Enabling Technology for Printed Electronics 
The development of printable electronic inks due to the use of nano and micro particle 
colloidal suspensions has enabled printed electronics to see a rapid growth in interest and 
preliminary prototypes/applications [49]. The inks have improved in printability by suspending 
conductors, semiconductors, dielectrics, and even light emitting or photovoltaic particles within a 
solvent or aqueous solution. Another aspect to enabling printed electronics is the development of 
inorganic materials since they are not susceptible to the environment nor do they need strict 
encapsulation like organic materials that are popular for IC manufacturing [49]. 
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2.3.2 Benefits of Printed Electronics 
Printed electronics reduce the large quantities of waste materials, high temperatures to 
consume large amounts of energy, and pollution that IC manufacturing involves. Printed 
electronics can be fabricated on a wide variety of substrate materials instead of just silicon for IC 
manufacturing, which reduces the cost significantly with the use of many cheaper materials 
including plastic films and even paper. Furthermore, IC manufacturing is limited by silicon wafer 
size and the largest size commonly used is 12 inches whereas printed electronics can be much 
larger area and easily on the orders of meters with roll to roll technologies. This allows large 
flexible, lightweight plastic films to be utilized for applications such as information displays, solar 
cells, or even lighting panels that have the potential to conform to a structure with a flexible 
substrate. The high throughput of a printing process also drives the cost down significantly of final 
products. Furthermore, printing AM processes are compatible for deposition on conformal or 
irregular objects/substrates. [35, 49] 
Printed electronics are not meant to compete with IC manufacturing products but offer a 
manufacturing process that can develop new and innovative products that do not require ultra-high 
electrical performance but offer additional benefits while being more cost effective [35, 49]. Figure 
2.10 shows a typical tradeoff of performance versus cost of printed electronics and IC silicon 
microelectronics. For instance, structures with sensing capability to monitor certain features 
(temperature for instance) do not require sophisticated electronics but can be fabricated on a large 
scale to reduce the cost and make printed electronics an effective manufacturing option. 
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Figure 2.10: Performance versus cost comparison of printed electronics and IC silicon 
microelectronics manufacturing. Note the tradeoff in performance and cost. Adapted from [49]. 
2.3.3 Challenges of Printed Electronics 
The challenges specific to printed electronics are summarized below but further details can 
be found in the detailed sections by Cui [49]. 
2.3.3.1 Materials 
The main challenge for developing printed electronics (i.e. inks/filaments) resides in 
developing low cost conductive materials such as copper and aluminum. Silver conductive 
materials (i.e. inks or paste) are well understood and mature printable conductive materials and 
can be processes to cure/sinter at low temperatures for printing on polymers and even paper. 
However, silver is not a cost effective option to make PCBs or RFID antennas. On the other hand, 
copper and aluminum oxidize readily and further development is needed before these materials 
can become mainstream inks or paste for cost effective printed electronic applications. 
Furthermore, most of the printable inks need some form of post-processing, this may limit either 
the performance of the electrical systems or the substrate onto which the ink can be printed on 
[35]. 
Another materials challenge for printed electronics is creating a high performance printable 
semiconductor. A high performance printable semiconductor will have high charge mobility, 
P
er
fo
rm
a
n
ce
 
Cost 
Printed 
electronics 
IC 
manufacturing 
22 
which is crucial for fabricating efficient field-effect transistors and the higher the charge mobility 
the faster a transistor can switch. Inorganic semiconducting materials including nanocrystal silicon 
and carbon nanotubes have been developed in recent years, but the challenge remains how to create 
printable inorganic semiconducting materials. Once these material challenges are met printed 
electronics will become cheaper and have more integrated circuitry by commonly using transistors 
for more complex and widespread electronics. 
2.3.3.2 Printing Processes and Equipment 
Printed electronics are far behind the resolution and accuracy of IC manufacturing, which 
can be as low as 20 nm for IC manufacturing but printed electronics are usually in the tens of 
microns range with a few microns at best for a few processes (i.e. about 3 orders of magnitude 
greater). Therefore ultra-high circuit performance and integration density lags behind with printing 
processes; however, printed electronics can offer much larger sized components and flexibility 
which IC microelectronics cannot offer [35]. 
Another disadvantage is materials deposited by printing processes do not have the surface 
smoothness as those done by IC manufacturing processes, which can cause electric breakdown or 
charge leakage at the interface where different materials overlap each other due to surface 
roughness. The overlay accuracy of printing processes is inferior to IC manufacturing. Poor 
overlay accuracy can effect device uniformity and yield in multi-layered components and degrade 
performance in high throughput multi-layered printing. As printing processes and equipment 
continues to evolve and print finer features, printed electronics will improve in performance and 
capability. For instance, printed transistors function will improve as film thickness approaches 
hundreds of nanometers and the accuracy of alignment/overlay for multi-layered components 
increases. 
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2.3.3.3 Encapsulation 
Exposure to oxygen and water molecules can compromise the function of organic 
conducting materials; therefore, encapsulation of these materials is critical. Currently both flexible 
display and thin-film solar cell printed electronics rely on organic materials and proper function 
can only be maintained with proper encapsulation. However, barrier films for encapsulation have 
a complicated fabrication process, high costs, and also low throughput that limits the effectiveness 
of encapsulation. Solutions for encapsulation include: (1) the development of more 
environmentally stable organic materials and (2) further development of inorganic materials as 
they are more environmentally stable and preferred for printed electronics. 
2.3.3.4 Design Methodology and Standardization 
Traditional electronics manufacturing have readily available standard design tools and 
processes as IC manufacturing is a mature technology. Printed electronics on the other hand is an 
emerging technology originating in the early 2000’s and lack both standard design tools and 
standardization. This makes manufacturing uniform and repeatable printed electronics components 
almost impossible and limits application space as devices will likely vary from batch to batch and 
even more from machine to machine. Standardization will provide more uniform and predictable 
processes but will be challenging as the printed electronics field is still developing. 
2.3.4 Applications of Printed Electronics 
Applications for printed electronics can be broken down into the different areas as 
described by Cui and summarized below [49]. 
2.3.4.1 Electronics and Components 
Printed electronic applications include: smart objects with passive and active devices, bio 
and chemical sensors, directly printed batteries, and RFID communication devices that feed into 
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the internet of things. The common denominator of these electronics is they do not need transistors 
and only require layers of sensing materials. Printed electronics may offer the solution to the 
internet of things (IoT) for producing the vast amount of sensors required as sensors can be printed 
onto plastics or paper with high throughput in roll-to-roll processes with low cost; for example, 
glucose test strips [52, 53].  
Printed electronics also offer an alternative manufacturing method to fabricate printed 
circuit boards (PCBs) as no acidic etching or materials are wasted. However, printed electronic 
PCBs are not currently competitive as silver inks are too costly, copper inks tend to oxidize, and 
PCBs require a thick layer of conductive material to carry large electric current [49]. Some work-
arounds are being employed to evaluate if these PCB challenges can be overcome; for instance, 
print a thin layer of silver and build up conductive material by electroless plating of copper 
afterwards can help alleviate the use of costly silver. 
2.3.4.2 Integrated Smart Systems 
Integrated smart systems fabricated with printed electronic technologies include: 
intelligent packaging, smart labels, temperature sensors, garments with integrated sensors, printed 
test strips, anti-theft/forgery labels, health monitoring systems, and wireless sensors for smart 
buildings. Printed integrated smart systems consist of transistors, sensors, power supply, and data 
communication, which allows for sensing, logic, and communication for smart systems that can 
monitor or warn of certain events before potential failure. However, components like printed 
transistors and power supplies still need further development before printed electronic integrated 
smart systems can infiltrate the market. 
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2.3.4.3 Flexible and Organic Light Emitting Diode (OLED) Displays 
Potential applications for flexible and organic light emitting diode displays include 
stretchable displays, rollable TVs and consumer electronics, and semi-transparent bendable 
displays and wearables. These devices offer flexibility in both application and portability by 
allowing the flexible structure to adapt to a variety of structures and geometries. However, printing 
techniques cannot produce these devices currently since many of the semiconducting materials for 
creating the flexible and OLED displays are not printable. On the other hand, printing processes 
like inkjet printing can significantly reduce the waste in the deposition of the color filter materials 
in LCD and OLED display manufacturing in which vacuum evaporation wastes 90% of these 
materials, to providing huge cost savings. 
2.3.4.4 Organic Photovoltaic 
Applications in organic photovoltaics include the use of printable organic conducting 
polymers, which offer portable energy sources with lightweight, flexible features while also 
reducing the cost by printing. Organic photovoltaics printed onto flexible substrates allow for the 
film to be applied or attached to a variety of shapes and structures, which could be useful for 
printing a sort of one-size fits all product that can be tailored to a specific device. Printed organic 
photovoltaics will have lower efficiency than those produced by vacuum deposition; therefore, the 
large area advantage of printed electronics should be taken into account to offset the cost advantage 
of using printing technologies. For instance, the large area advantage could be applied to creating 
sun shades for buildings that could be very large yet still harvest energy. 
2.4 Printed Electronics and AM 
The key multi-material AM processes in section 2.2.3 enable the fabrication of printed 
electronics when utilizing conductive materials. Printed electronics combined with AM define a 
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sector of electronics in which the conductive elements are formed by directly dispensing or 
patterning conductive materials in defined paths onto a wide range of substrates primarily additive 
processes [35]. With additive processes, printed electronic components can be fabricated with 
previously unchartered designs by leveraging the advantages of AM. For instance, printed 
electronics aim to reduce the cost of electronics per unit area [35], reduce waste material and 
inventory [1, 3, 4, 54], and allow customizable devices with the potential of conformal electronics 
[8-10]. 
The idea of conformal electronics bridges the gap to structural electronics in which the 
form (structure) can be married to function (electronics). Structural electronics enable tomorrow’s 
technology by enabling circuits and sensors to be embedded and conform to 3D structures, which 
allows communication and monitoring of devices in ways previously unattainable with 
conventional manufacturing processes. One example of structural electronics is health monitoring 
of load bearing structures in which sensors are embedded and/or conform to exterior surfaces on a 
structure with the ability to transmit information if a certain event occurs. Figure 2.11a. shows a 
turbine blade with wireless electronics for communication that could be embedded for protection 
while also having a conformal high temperature thermocouple for temperature sensing. These 
“smart” sensing capabilities leveraged with printed electronic technologies allow for potential 
prevention of catastrophic failure by alerting an operator of dangerous conditions. Figure 2.11b 
shows another example of a health monitoring system that could monitor temperature, heart rate, 
and other vital signs for human users which could alert if unhealthy activity was sensed. 
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Figure 2.11: Printed electronics examples: (a) turbine blade with “smart” sensing capability © 
Sensors 2013 [55], (b) flexible health monitor © Jabil [56], (c) embedded electronic die with LEDS © 
IEEE [57], and (d) conformal spiral antenna © Advanced Materials [58]. 
Other applications of printed electronics include smart cards and packaging, RFID tags, 
health monitors, embedded electronics, and antennas [11, 35, 59]. For instance Figure 2.11c and 
Figure 2.11d show a novel embedded electronic die with LEDs that illuminate when facing upward 
and a conformal spiral antenna that shows the unique conformal capabilities of printed electronics, 
respectively. The examples in Figure 2.11 delineate the benefits of using multi-material AM by 
increasing the multi-functionality of devices and components. 
IDTechEx projects the printed, organic, and flexible electronics market will be worth 73 
billion by 2027 [60] while the “Flexible Electronics and Circuit Market” report projects growth 
from 24 billion in 2018 to 40 billion by 2023 [61]. This projected growth is likely scaling with the 
advancement of the internet of things (IoT). The IoT describes a network of physical objects that 
are connected with embedded sensors and/or hardware to enable wireless communication and data 
transfer over a network or ‘cloud’ source without human intervention [62]. It is estimated that by 
2023, a trillion sensors will be required to support the inevitable IoT movement with devices that 
have sensing, monitoring, and communication capability [49]. Printed electronics offers a 
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potentially cost effective method to fabricate IoT devices with communication capability. For 
instance, the examples in Figure 2.11a and Figure 2.11b but could also be as ubiquitous as smart 
packaging that can track history of handling conditions, temperature, moisture, and other variables 
that may compromise product quality while also tracking inventory and/or automatically re-
ordering products for consumers as supplies dwindle [63]. 
The projected growth of the printed electronics industry is promising; however, there are 
significant challenges inherent to additive manufacturing processes that need to be addressed 
before printed electronics can fulfill the potential of the projected growth. These challenges 
include: surface roughness, anisotropic material properties, low conductivity of conductive 
inks/filaments, lack of qualification and harsh environmental testing, adhesion, and generally 
larger features sizes when comparing traditional manufacturing [34-36]. The next section 
specifically examines a few of the challenges in particular that will be central to the remainder of 
this dissertation. The first is the impact of surface roughness on mechanical and electrical 
properties of printed electronic components, the second is the survivability of printed electronic 
components when subjected to harsh environmental conditions for foundational qualification in 
harsh environments, and third is the development of standards for adhesion testing of conductive 
inks. 
2.5 Multi-Material AM Printed Electronic Limitations 
2.5.1 Surface Roughness 
The sequential stacking and fusing of layers in material extrusion AM processes 
(commonly referred to fused deposition modeling—FDM) leads to undulated surface roughness 
and commonly to porosity from the printing process. Figure 2.12 shows both of these undesirable 
artifacts from the extrusion process as components can be rough, unaesthetic, and limit pressure 
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in fluid applications due to gaps in the sequential stacking of cross-sectional layers [3, 4, 12, 64]. 
Fluid pressures are limited since cracks or voids within the volume of extruded AM components 
allow a fluid to permeate through the structure, which precludes any applications requiring a 
hermetic seal. Stacked layers also create semi-discontinuous structures with directional material 
makeup, which induces anisotropic material properties both mechanically and electrically (if 
utilizing multi-material AM). 
2.5.1.1 Mechanical Aspects of Surface Roughness 
In regards to the mechanical downfalls of stacking layers in a sequential fusing process, 
mechanical properties will be anisotropic and vary directionally depending on the orientation of 
the layers and applied stresses [65, 66]. Furthermore, there are many parameters that can be 
adjusted when setting up an FDM extrusion print including: number of perimeters, infill raster 
angle, infill density, air gap, build temperature, layer height, etc.; however, previous work shows 
the infill raster angle is one of the key parameters that determines the resulting mechanical 
properties [67]. The raster angle defines the direction of the infill (the internal extrusion roads 
within the perimeters) in relation to the applied stresses. Common raster angles are 0º where the 
extrusion roads are perpendicular to the applied stress, ± 45º where the extrusion roads alternate 
at 45º relative to the applied stress, and 90º where the extrusion roads are parallel to the applied 
stress. 
Not only are extruded components rough normal (perpendicular) to the undulated stacked 
layers with a raster angle of 0º, mechanical properties are typically weaker in this direction 
(commonly the ‘z’ axis as shown in in Figure 2.12a) [68]. This is because each stacked layer is 
semi-discontinuous and essentially a stress concentration where the stress amplifies locally and 
creates the point of failure under applied stresses [65, 66, 68]. Conversely, mechanical properties 
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are the highest when stresses are aligned parallel (or 90º) to the stacking layers as stress 
concentrations are reduced with more continuous material flow. For this reason, it’s strategic to 
orient a component during printing in which the stacking layers will be parallel to the applied 
stresses in order to maximize the strength of an additively manufactured component. Also, a semi-
discontinuous structure also generally results in inferior material properties when comparing the 
continuous structure that bulk materials exhibit from traditional manufacturing. 
 
Figure 2.12: (a) Stair-stepping effect from the sequential stacking of deposited layers that leads to 
undulated surface roughness in the z-direction and (b) image of printed extrusion roads on the top 
surface of an FDM extruded component in which the undulated roughness is evident and also an 
example of a porosity defect from extrusion roads having incomplete fusion. 
Alternatively, an extrusion process in which full reptation, or polymer entanglement by 
diffusion [69]) across the interfaces of the stacked layers could eliminate the anisotropic 
mechanical behavior and approach bulk material properties. However, current FDM extrusion 
processes are not conducive for full reptation in which polymer chains will diffuse across the layer 
interfaces, become fully entangled, and develop more uniform strength. This is due to the 
temperature of the extruded component not remaining high enough to promote molecular motion 
for polymer chains to diffuse across the interface boundaries [68]. An additional heat source that 
could locally heat the extruded layer in between depositing layers may be able to promote polymer 
chain migration and entanglement if the temperature was able to be maintained high enough. 
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Another option resides in smoothing processes that not only reduce the surface roughness features 
from sequentially stacking extruded layers but could also promote ‘healing’ of the discontinuous 
interfaces to produce more uniform mechanical properties. 
Chapter 3 of this dissertation addresses the mechanical impacts of surface roughness when 
performing vapor smoothing/polishing to mitigate the undulated features and evaluate the effect 
on mechanical properties. 
2.5.1.2 Electrical Aspects of Surface Roughness 
The electrical properties will also vary with anisotropic behavior when depositing 
conductive materials onto surfaces with undulated roughness. For instance, Figure 2.13a shows 
depositing conductive materials overtop of an over extruded surface in an extrusion process has 
the potential to cause open circuits since the ridges could impede current flow by causing a 
discontinuity in the conductive material if extreme enough. On the other hand, Figure 2.13b shows 
the effect of under extruding in an extrusion process where there are gaps in between the extrusion 
roads, which will cause short circuits when depositing conductive materials overtop of the surface. 
Over and under extrusion can be combatted with fine tuning and calibration of an extrusion 
process, but this can be very tedious and time consuming and may need to be performed each time 
a new material is utilized. 
Furthermore, depositing conductive materials parallel or perpendicular to extrusion roads 
will create anisotropic electrical properties in addition to the mechanical anisotropy, as in. Figure 
2.13c and Figure 2.13d respectively. Conductive traces deposited parallel to extrusion roads will 
have a more uniform current flow as the cross-section is constant for the conductive trace in the 
direction of current flow whereas conductive traces deposited perpendicular will have a wavy 
current flow since the conductor conforms to the undulated features, which increases the effective 
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conductor length [71, 72]. These effects have been shown to influence the losses of RF electronics 
including micro-strips and coplanar waveguides [71, 72]. Also, as surface roughness increases 
losses also tend to increase. Chapter 4 examines the losses of RF electronics when comparing 
parallel and perpendicular coplanar waveguides while also examining the influence of vapor and 
thermal smoothing processes to mitigate the undulated features of extruded substrates. 
 
Figure 2.13: (a) Over and (b) under extrusion of extruded polymer to cause potential open and short 
circuits when depositing conductive materials on the surface. (c) Parallel and (d) perpendicular 
conductive traces and extrusion roads that will not only vary in mechanical properties, but will also 
vary electrically from the undulated feature direction © IEEE 2017 [70]. 
2.5.2 Qualification, Standardization, and Harsh Environments 
Products, processes, or services without qualification procedures or standards will often 
lack a repeatable final form but also hinder the intended performance and customer satisfaction. 
Therefore, there is a need for a concept of quality within manufacturing processes, products, or 
services. Quality can be defined in many ways but for engineering and manufacturing purposes it 
can be defined as meeting customer requirements consistently [73] while also providing a measure 
of excellence when considering product design, manufacturing, and the performance of the product 
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throughout its life cycle [74]. If thorough considerations are given to the characteristics of quality 
within engineering design and manufacturing stages, then a product can achieve qualification and 
customer satisfaction due to the high level of efficacy for the product. 
The concept of quality within engineering and manufacturing became a hot topic in the 
1980s when American manufacturing and economy hit a major slump—the automotive industry 
for example—but Japanese products were achieving high quality at competitive prices [73, 75]. 
The Japanese showed that the continued use of simple statistical tools, working in teams, and 
focusing on meeting customer requirements can reinforce quality, productivity, and profit in a 
concept known as total quality management (TQM) [73, 75]. The philosophy behind TQM 
stipulates quality falls on top management responsibility, customer satisfaction is the primary 
priority, continuous improvement should be a goal and maintained, actions should be based on 
facts/statistics, and all employees should be involved [76]. 
In TQM, quality is not an afterthought (as in final inspection processes) [76, 77], but 
initiated purposely and strategically in the early stages of design and manufacturing while also 
being the responsibility of all those involved [76]. TQM involves two headlining concepts within 
achieving quality itself: quality control and quality assurance. Quality control relates management 
as a function to control the quality of raw materials, manufacturing, assembly, and inspection 
processes throughout the production of a product [74]. Quality control often involves statistical 
techniques to gather data and monitor the variability of a product in order to evaluate if the process 
is maintaining a satisfactory level of production within set tolerances [73]. Quality assurance on 
the other hand involves the actions taken to ensure products or services adhere to written standards 
or procedures to meet performance requirements [73, 74]. Furthermore, the investment of effort 
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and time to manage quality should not exceed the overall value gained from implementing quality 
into engineering and manufacturing [77] as the benefits/profit of quality cannot be reaped. 
The goal of many manufacturing processes is to produce products in a repeatable fashion 
that have as little variation as possible within specified tolerances; however, variation reduction 
can be challenging to achieve for quality production and requires high levels of process and 
equipment control at various stages of manufacturing [78]. The two different approaches to 
variation reduction and process control are engineering process control and statistical process 
control. 
2.5.2.1 Engineering Process Control 
Engineering process control (EPC) uses measurements to prescribe changes to the process 
in order to adjust process inputs and bring the process output(s) closer to the selected target [78]. 
This approach to process control is popular for continuous processes as it employs feedback and 
feedforward information to adjust the process potentially in real-time. One example of engineering 
process control is the Taguchi method. Dr. Genichi Taguchi from Japan developed a complete 
system for quality control that addresses process variation from product concept, design and 
engineering stages, and then through the manufacturing process [75]. Taguchi’s system addresses 
process variation (which he regarded as the enemy of quality) in a holistic fashion by implementing 
strategies for variation reduction throughout the whole product development process [73]. 
Taguchi’s method is centered around developing a robust design in which a system of 
design tools reduces product or process variation while also simultaneously driving the outputs of 
the systems to near-optimal conditions. Taguchi’s belief is that a product that has been robustly 
designed will provide customer satisfaction even when subjected to rather extreme service 
conditions [73]. This is facilitated by building in quality within the design stages of the product or 
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process development process before it reaches production [75]. His method begins with system 
design, then moves to parameter design, and lastly applying tolerance design if further variation 
reduction is required. 
In the first phase of the Taguchi method, system level design establishes the basic methods 
to accomplish the required output [75]. This includes designating the functions of the system, 
dividing the product into various subsystems, and the interfaces between the subsystems are 
established and studied [73]. 
The second design phase, the parametric design, is where Taguchi’s method really becomes 
effective for variation reduction. In parametric design, the goal is to engineer the product or process 
that constitutes the lowest variation while also meeting the required output on target [75]. The 
fundamental approach to parametric design is taking advantage of the relationship between 
controlling factors (factors that minimize the variability of the response) and the output of the 
product or process being measured. In general, experiments will have to be conducted in order to 
establish and identify which controlling factors have the most impact of the response and 
variability of the product (unless prior experience or very similar experiments have already been 
conducted). Once the control factors with the largest deviation are identified, changes to the design, 
material, or parameters need to be made in order to reduce the variation to an acceptable level for 
a quality product or process. 
The last phase of Taguchi’s method, the tolerance design phase, only needs to be performed 
if the parametric design phase does not compensate for the variance to fall within the quality 
deemed acceptable. In tolerance design, quality sensitive components are identified and tighter 
tolerances are applied to these components to achieve the required output within satisfactory 
variation levels [75]. In summary, Taguchi’s method emphasizes quality upstream to the design 
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stage to reduce variation in the early stages of development as the primary means to improve 
quality; in addition, Taguchi’s method has widespread recognition and implementation due to 
simple procedures and mathematical skills required [73]. 
2.5.2.2 Statistical Process Control 
Statistical process control on the other hand uses measurements to monitor a process to 
check, alert, and remove major changes in process. This approach is most useful for discrete part 
industries. An example of statistical process control is the implementation of Six Sigma. The goal 
of a Six Sigma quality program is to achieve a process variability that ±6 standard deviations will 
fit within the specified upper and lower boundaries of the acceptable variation or tolerance [73, 
79]. If Six Sigma quality standards are achieved, there may only be a few parts or components in 
a million that fail to meet the specified tolerance. A success rate this high may be a challenge to 
achieve in some industries; however, if Six Sigma quality standards can be met then a high level 
of confidence in the manufacturing process will emphasize cost cutting and improve profit [73, 
79]. Six Sigma utilizes a rigorous five-stage process to reduce variation and improve quality with 
the acronym of DMAIC that is summarized below [73, 79]: 
1. Define the problem: In this stage customers are identified, the needs are determined, and 
define the problem that states the goals which may allow process variation improvement. 
A project charter should be established. 
2. Measure: Metrics are established that will allow evaluation of performance for the process. 
Accurate measurements are then taken of current process performance for comparison to 
the desired performance. The important variables should be identified that cause significant 
variation in the process. 
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3. Analyze: Analysis of the measure stage data is conducted and root causes of the variation 
are evaluated for how changing each process variable affects the overall process 
performance. Process modeling can often be advantageous in this stage to bypass numerous 
experiments if resources are limited. Statistical tools should also be used to guide the 
analysis. 
4. Improve: This stage involves solution generation and implementation. In this stage be 
creative to find more innovative, cost effective, and faster alternatives. The process will be 
improved by selecting the solution that best addresses and eliminates the root cause of 
variation. 
5. Control: This final stage institutionalizes the change and develops a monitoring system so 
that the improvements can be monitored over time and possibly improve future process 
performance. 
2.5.2.3 Standards and Standardization 
Quality within a manufacturing process is derived from implementing the strategies above 
including top quality management, engineering process control, and statistical process control. 
Additionally, quality is often specified or set by a standard. A standard can be defined as a 
“document, established by consensus and approved by a recognized body, that provides for 
common and repeated use, rules, guidelines or characteristics for activities or their results, aimed 
at the achievement of the optimum degree of order in a given context” [80]. Often times a standard 
is compared or followed to ensure quality within a product or process, which is regularly integrated 
into the quality assurance aspects of quality management. On the other hand if no standard exists 
then standardization may be necessary for quality purposes in which standardization can be defined 
as: “activity of establishing with regard to actual or potential problems, provisions for common 
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and repeated use, aimed at the achievement of the optimum degree of order in a given context.” 
[80] The following summarizes the aims of standardization and more details can be found in the 
reference [81]: 
 Simplification: Standardization allows society to gather and disseminate information while 
providing a streamlined process for repeatable data collection and comparison. 
 Interchangeability: Simplification will tend to limit widespread varieties for more uniform 
comparisons and interchangeability. 
 Standards as a means for communication: Standards serve a function as what will be 
expected between producer and customer and provide a quality aspect to what is to be 
expected. 
 Symbols and codes: Standards layout the definitions of symbols and codes, so language 
barriers are overcome and possibly eliminated. 
 Safety: (1) Safety will confer the efficacy of a product to the user; for instance a safety belt 
or air bags for motorist and (2) the uniformity created by a standard will provide 
expectations for a product and less chance of failure that could potentially be dangerous. 
 Consumer and community interest: Consumers have growing interest for standard product 
information while communities have increasing interest in various laws, regulations, and 
codes to protect the consumer. 
 Reduction in trade barriers: Trade agreements have made it common practice to accept 
products with different standards from different international communities that effectively 
produce the same result. 
In America, standards started to become popular with Military standards (MIL STDs) 
around WWII in order to obtain higher quality in mass production of munitions and were the 
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predecessor to statistical process control. In more modern times, MIL STDs are adopted by private 
sector companies as a specification for quality control [76]. An even earlier example of 
standardization that had significant impact was the standardization of railroads. Prior to the 
American Civil War, no less than 33 different railroad gauges (the distance between the rails) were 
being used to construct railroads [82]. As one would imagine, this caused chaos when trying to 
ship anything over large distances. For that reason, the U.S. congress mandated that a standard 
gauge of 4 feet 8 ½ inches be used to aid military logistics in 1863, which took 25 years to complete 
[82]. Once standardized, freight no longer had to be unloaded and reloaded just to be transferred 
to a different train to compensate for the different railroad gauges, which also had a significant 
economic impact. 
2.5.2.4 Qualification and Standards in AM 
Another limitation of AM resides in the lack of standards and quality assurance since AM 
is still an emerging technology [11, 12, 83, 84]. Even so, this limits the applications of AM 
components from industries including Department of Defense (DoD) and aerospace that could take 
advantage of AM benefits to increase performance and efficiency of current systems. 
The DoD in particular could take advantage of fabricating components on demand and at 
the point of need with AM systems, reduce inventories and logistics of shipping components to 
remote locations, and increase mission readiness by having access to fabrication or repairs on site 
[85]. In these industries, design for additive manufacturing could be employed to create novel 
lightweight structures with embedded or conformal features for added multi-functionality. For 
instance, a job order could be placed for a new lightweight helmet with embedded smart 
technology and fabricated in-the-field and delivered to military personnel in remote locations in 
less than a day compared to several weeks with current logistics. This increases the functionality 
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of the product while also increasing the mission readiness of the personnel. However, DoD and 
aerospace industries are mostly risk adverse as failure can be devastating, which poses strict 
qualification requirements and limits the infiltration of AM technologies into these sectors until 
standards are put into practice and quality assurance can be ensured. 
Qualification processes are much more challenging in AM than in conventional 
manufacturing simply because of the diversity of materials, processes, and machines [86, 87]. 
Materials include photopolymers, thermoplastics, metals, etc.; processes include 
stereolithography, fused deposition modeling, direct write, selective laser melting, etc.; and there 
are a plethora of machines for different processes. Each combination of material, process, and 
machine will likely have different printing parameters to be successful; thus the complexity of 
standardization looms large. Therefore, materials, processes, and machines could benefit from a 
closed loop qualification process in which qualification is inherent throughout to ensure reliable 
and repeatable fabrication while also allowing a fair comparison between different AM 
components [86]. 
In addition, scarce harsh environmental testing of AM components has been performed 
since qualification or standards are being developed. Therefore the survivability of AM 
components is relatively unknown when subjected to harsh environmental conditions, which also 
prohibits adoption of AM technologies into DoD and aerospace industries. Chapters 5 and 6 of 
this dissertation address the adoption and development of foundational harsh environmental testing 
consisting of mechanical shock, thermal cycling, and die shear strength for printed electronic 
components. An evaluation of the resiliency to survive harsh environmental conditions is provided 
along with recommendations for developing preliminary qualification standards for rapidly 
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screening materials in harsh environments. Chapter 7 and 8 address the development of standards 
for adhesion testing of conductive inks, which is expanded upon in the next section. 
2.5.3 Adhesion 
Adhesion can be defined in many ways but for this work denotes the fundamental bond 
between dissimilar materials and is widespread into many industries including: labeling, painting, 
automotive, decorating, and even medical with dental prosthesis and cell adhesion [88-91]. The 
two materials in an adhesion bond are termed here as the adherate (material being deposited) and 
the adherend (the surface or object an adherate adheres to). 
2.5.3.1 Adhesive Failure Modes 
Adhesive bonds can fail in different modes. Figure 2.14 shows the most common failure 
modes including: adhesive, cohesive, mixed, and substrate [92]. Adhesive failure denotes the 
failure which occurs at the adherate (adhesive or other coating/film) and adherend (the surface or 
substrate) interface. Adhesive failure is typically the weakest bond and may not be preferred as a 
strong bond is not forming at the interfaces of the materials. Cohesive failure on the other hand 
denotes failure within the adherate, which implies there is a strong bond between the adherate and 
adherend and the weak locus resides within the adherate itself. Cohesive failure is preferred when 
the adherate is adequately strong for a given application and failure would be preferred within the 
adherate rather than the adherends for damage control if stress limits were breached. Mixed failure 
can occur if the adherate fails adhesively in some regions while cohesively in others. Mixed failure 
shows an improvement from adhesive failure but may also suggest non-uniform treatment of the 
adherends as coverage may not be complete. Lastly, substrate failure denotes failure within the 
substrate or adherend itself, which implies the adhesive bond is superior to the mechanical 
properties of the substrate. 
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Figure 2.14: Adhesive failure modes, adapted from [92]. Note the adherate (adhesive, coating, or film 
is colored in red in between the adherend substrates colored in grey. 
2.5.3.2 Mechanisms of Adhesion 
There are many mechanisms of adhesion which may be complementary to some degree 
depending on the given materials and conditions. In some cases, the exact mechanism(s) may be 
difficult to differentiate as adhesion science is still catching up to empiricism and technology [88]. 
Therefore the mechanisms of adhesion may compete and be somewhat debatable for particular 
materials sets. A few of the more common mechanisms of adhesion are summarized here but can 
be reviewed in detail in reference [88]: 
 Mechanical interlocking: This model proposes mechanical keying or interlocking of the 
adherate into pores, cavities, and asperities of the adherend surface. This mechanical 
anchoring of the adherate increases the interfacial surface area due to the surface roughness 
of the contacting materials and may also increase frictional forces that must be overcome 
before the adhesive bond can be broken. 
 Electronic (electrostatic): This model (also known as the capacitor plate theory) proposes 
electrons are transferred between the adherate and the adherend, which have different 
electron band structures and induce a double electrical layer at the surface. Therefore 
electrostatic forces could act as a capacitor and contribute to adhesive strength as attractive 
electrostatic forces at the junction. 
Adhesive Failure Cohesive Failure 
Mixed Failure Substrate Failure 
Adherends Adherate 
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 Weak boundary layers: “It is well known that alterations of the adherate and adherend can 
be found in the vicinity of the interface” [88]. This leads to an interfacial zone, or weak 
boundary layer, that exhibits properties differing from those of the bulk materials. In this 
mechanism it is believed the cohesive strength of the weaker boundary layer governs the 
strength of the bond in which there is always cohesive failure. However, many experiments 
show true interfacial failure for many different systems. 
 Adsorption (thermodynamic): The thermodynamic adhesion model proposes adhesion of 
the adherate and adherend occurs due to the interatomic and intermolecular forces 
established at the interface as long as intimate contact is achieved. The bonding forces 
result from van der Waals and Lewis acid-base interactions and the magnitude of these 
forces can be derived using fundamental thermodynamic quantities like surface free 
energies. The surface free energies and thermodynamic adhesion can also be attributed to 
the amount of wetting between the materials, which is generally maximized if only 
concerned with thermodynamic adhesion. 
 Diffusion: Diffusion theory assumes there is a degree of ‘autohesion’ across an interface 
by mutual diffusion or ‘interdiffusion’ in which macromolecules diffuse across an 
interface. In order for interdiffusion to take place, macromolecular chains or chain 
segments must be sufficiently mobile and soluble. The mobility and solubility are 
dependent on such factors as contact time, temperature, and the molecular weight of 
polymers; which are important considerations in adhesion processes like healing and 
welding. However, it seems diffusion theory amounts to weak adhesion for most materials 
if mated in equilibrium conditions until altering the time, temperature, and molecular 
weight of the material to be conducive for optimal macromolecule entanglement across an 
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interface. For instance, the healing of a cracked polymer likely will not transpire until there 
is an increase in temperature to near the glass transition temperature. 
 Chemical: The chemical model of adhesion relies on the formation of primary bonding as 
opposed to secondary bonding like van der Waals force in the thermodynamic model of 
adhesion. Primary bonds, covalent and ionic bonds for instance, have much higher strength 
stimulating from high bond energies and depends on the reactivity on the adherate and 
adherend. Adhesion promoters termed ‘coupling agents’ act on increasing the interfacial 
bond strength by altering the chemical species of the adherate and adherend to create a 
more conducive chemical interaction for bonding. However, coupling agents can often be 
environmentally hazardous. 
Each of these mechanisms are complex in their own regard and would seem to play various 
competing roles for given material combinations. In order to maximize adhesion, one or possibly 
multiple mechanisms could be activated to increase the likelihood of interfacial bonding; however, 
the mechanisms are often limited for certain materials and available equipment. Further details can 
be found in reference [93] in addition to the summaries of the author above. 
2.5.3.3 Adhesion Measurements 
Just as the mechanisms of adhesion are debatable, adhesion measurements are also obscure. 
That is because currently there is not an ideal adhesion test that can provide quantitative results, 
easy sample preparation, and relevant to application requirements [92, 94]. A quantitative 
measurement of adhesion provides numerical data that can be interpreted in a straightforward 
manner while also permitting comparison between materials. Many of the adhesion measurements 
that do provide quantitative data tend to have relatively complex sample preparation and may not 
be implemented based on available equipment. Conversely, adhesion measurements with quick 
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and easy sample preparation tend to yield results that are either qualitative or semi-quantitative at 
best, which aren’t directly applicable to application requirements or numerical comparisons 
between materials. Quantitative adhesion measurements add complexity or require different 
loading conditions than what may be found for the adhesive bond during operation. 
Table 2.1 summarizes common adhesion measurements and their respective advantages 
and disadvantages that are described in more detail below [92, 94, 95] and indicates an ideal 
adhesion test is difficult to pinpoint. Qualitative measurements using the tape or cross-hatch 
scratch test are quick, inexpensive, and have easy sample preparation but do not yield a numerical 
adhesion assessment and may be sensitive to testing conditions. Qualitative adhesion 
measurements still prove useful when needing a quick indication if adequate adhesion may be 
present or is really poor for exploratory pass/fail research. Semi-quantitative measurements also 
have relatively easy sample preparation, quick, and reproducible with the use of machines but may 
not provide a thorough or realistic value. Semi-quantitative adhesion measurements provide useful 
measurements for comparing coarse adhesion or quality control purposes. Conversely, quantitative 
adhesion measurements provide numerical values to compare against application requirements or 
materials sets for tensile or shear strength when performing pull or lap shear test, respectively; but 
the main drawback lies in the application of the adhesive to bond the pull pen or top substrate may 
alter the properties of the coating. Quantitative measurements prove most useful when an 
indication of the tensile or shear stress is required for an application and semi-sophisticated sample 
preparation is not an obstacle. 
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Table 2.1: Summary of adhesion test measurements. 
Measurement 
method 
Type Description Advantages Disadvantages 
Tape test Qualitative 
Pressure sensitive tape is 
applied to the coating and 
removed. 
Quick. 
Inexpensive. 
Easy sample 
prep. 
Qualitative. 
Sensitive to type of 
tape, application 
pressure, and removal 
technique. 
Cross-hatch 
scratch test 
Qualitative 
Multi-toothed blade 
inscribes a cross-hatch 
grid into the coating. 
Quick. 
Inexpensive. 
Easy sample 
prep. 
Qualitative. 
Sensitive to pressure, 
planarity, and speed 
of scratch. 
Indentation 
scratch test 
Semi-
quantitative 
A stylus contacts a coating 
and progressively 
increases in load to scratch 
through the coating. 
Quick. 
Reproducible. 
Easy sample 
prep. 
Coating could detach 
before stylus 
completely penetrates 
the coating. 
Stylus may leave an 
optically transparent 
layer of the coating 
that doesn’t fully 
delaminate. 
Peel test 
Semi-
quantitative 
A coating is either directly 
or indirectly peeled 90º 
from the substrate in 
tensile testing machine. 
Relative simple 
sample prep. 
Reproducible. 
Sensitive to the angle 
of the peel. 
Fixturing may be 
difficult. 
Very high strain near 
the peel bend. 
Applicable mostly to 
tough, flexible 
coatings. 
Pull test Quantitative 
A pin or ‘dolly’ is bonded 
normal to the coating with 
an adhesive and pulled in a 
tensile testing machine. 
Quantitative. 
Primitive 
measurement of 
tensile strength. 
Applicable to a 
wide variety of 
coatings. 
Mixture of tensile 
and shear forces. 
Sensitive to 
alignment of pull pin. 
Adhesive may 
change coating 
properties. 
Lap shear test Quantitative 
A coating is deposited 
onto a substrate and 
bonded in between two 
substrates with the use of 
an adhesive. 
Quantitative. 
Approximates 
the nominally 
pure shear 
strength. 
Applicable to a 
wide variety of 
coatings. 
Sensitive to 
alignment. 
Adhesive may 
change coating 
properties. 
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2.5.3.4 Surface Treatments 
In general, polymer surfaces have low surface energy [88, 93] which can lead to poor 
wetting thus adhesion of a coating. Surface treatments including: plasma, flame, laser, and surface 
abrasion have all been shown to affect the wettability thus surface energy of polymer surfaces 
while also increasing the adhesive strengths of bonded materials. Plasma treatment alters the 
surface properties of substrates by initially removing organic contamination from the surface 
before etching and or creating free radicals on the surface by breaking polymer chains on the 
surface [88, 91, 96, 97]. Flame treatment exposes surfaces to an open flame to remove organic 
contaminants and also to introduce functional groups including hydroxyl and carbonyl to the 
surface while only treating a few nanometers with good aging characteristics [88, 91, 98]. Lasers 
alter surface chemistry by also cleaning the substrate surface but potentially roughening the surface 
uniformly and generating broken polymer chains for adhesion promotion [88-90, 99]. Sand-
blasting on the other hand differs from the previous chemical surface treatments by abrading the 
surface of substrates and acting on the mechanical interlocking and anchoring of an adherate to 
improve adhesion [89, 97, 100]. 
Chapters 7 and 8 in this dissertation investigate adhesion measurements for printed 
electronics, which currently lack development and analysis. Chapter 7 introduces the development 
of a scratch adhesion tester (SAT) for reproducible semi-quantitative adhesion measurements. The 
SAT protocol builds on cross-hatch scratch testing by designing, printing, and testing conductive 
inks with the semi-automated device that can be adapted into any motion control system and 
bypass the operator variance by controlling the speed, planarity, and depth of the scratches. This 
allows much more reproducible adhesion measurements for finer analysis and comparison between 
materials and across labs. Chapter 8 evaluates the effectiveness of single lap shear testing 
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conductive inks with a reproducible process while also evaluating the impact of surface treatments 
on the adhesive failure mode of polymer surfaces. 
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CHAPTER 3  
IMPACTS OF VAPOR POLISHING ON SURFACE QUALITY AND        
MECHANICAL PROPERTIES OF EXTRUDED ABS1 
3.1 Introduction 
Additive manufacturing (AM) refers to a group of processes that create parts directly from 
digital models [101, 102]. Typically, AM processes stack layers produced by 2D processes, such 
as inkjet printing. AM can create highly complex parts of near arbitrary geometry with less lead 
time and lower customization costs by eliminating part-specific tooling [103, 104]. 
Thermal extrusion technologies are low-cost AM systems that feed thermoplastic material 
into a heated extrusion head [105] and deposits it through a nozzle that moves under computer 
control [106]. It was first developed by Stratasys [107]. While the process is conceptually simple, 
it has limitations arising from the pointwise fabrication process. The final mechanical properties 
such as strength and elongation to failure are typically reduced relative to traditional manufacturing 
processes and highly dependent on build orientation and other process parameters [108-111]. 
Reduced strength, stiffness, and ductility likely originate from the discrete stacking of cross-
sectional layers, which creates stress concentrations and weaker internal bonding that are not 
present in a traditional manufacturing process. The pointwise deposition also introduces surface 
defects and micro-porosity due to imperfect material bonding and process errors [112]. The 
porosity (even on the micro-scale) reduces strength of the printed parts [113] and leaves fluid 
 
1This article is © Emerald Publishing and permission has been granted for this version to appear here 
(https://doi.org/10.1108/RPJ-03-2017-0039). Emerald does not grant permission for this article to be further 
copied/distributed or hosted elsewhere without the express permission from Emerald Publishing Limited. 
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passages that impede sealing required in fluidic channels and electronic packaging [114]. A layer-
by-layer extrusion process inherently produces much rougher surfaces when comparing traditional 
manufacturing processes, another limiting factor for extrusion AM. 
To improve surface finish, many parts are mechanically polished or coated to improve the 
surface. Mireles and Cater show coating or vacuum infiltrating with epoxies and a variety of 
sealants can reduce leakage through pressurized acrylonitrile butadiene styrene (ABS) FDM parts 
at low-pressures, but these methods can generate non-uniform surfaces [115, 116]. Vapor polishing 
is another post-processing alternative for ABS [117, 118] which provides a low-labor process 
compared to mechanical polishing and coating. In a typical vapor polishing treatment, a part is 
exposed to a solvent vapor (typically acetone for ABS) that absorbs into the surface layer of the 
part—reducing the surface viscosity. In a process similar to viscous sintering, the high peaks of 
surface roughness “flow” into the valleys of the surface roughness driven by surface tension. This 
produces a smoother, shinier surface finish, Figure 3.1. In prior work on thermoplastic parts, 
controlled solvent exposure has shown to improve strength of weld-lines when joining ABS 
geometries [119] and a chemical finishing process for laser-sintered Nylon parts was shown to 
significantly improve ductility in addition to reducing surface roughness [120]. 
Vapor polishing reduces surface roughness with the potential to maintain dimensional 
accuracy and preserve part geometry [121-124]. Singh showed that vapor smoothing at elevated 
temperatures reduced surface roughness and marginally increased hardness [125]. However, the 
bulk properties and the effects of part thickness were not quantified. Additionally surface 
smoothing, mechanical property impacts, and hermeticity of room temperature vapor polishing 
have not been reported. This paper measures the impacts of acetone vapor polishing of ABS parts 
on the mechanical properties (strength, elastic modulus, elongation to break, energy absorption), 
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surface roughness, and hermeticity. This provides critical information to those considering vapor 
polishing with respect to both the surface finish improvements and the impact on mechanical 
properties as a function of thickness. 
 
Figure 3.1: Vapor polishing process, © Rapid Prototyping 2018. 
3.2 Experimental Methods 
3.2.1 Tensile Specimens 
Tensile specimens consistent with ASTM Standard D638–10 Type IV [126] were 
fabricated on a Stratasys uPrint SE machine in ABS Plus material with various thicknesses of 1, 
2, and 4 mm with dimensions shown in Figure 3.2a. The parts were printed with the longitudinal 
axis oriented in the z-direction (normal to the print bed) in the ZXY plane – as designated by 
ASTM F2921 [127] and illustrated in Figure 3.2b. The tensile axis of the specimens was aligned 
to the z-direction to maximize sensitivity to mechanical property improvements during post-
processing because the z-direction typically has the highest surface roughness and weakest bond 
strength in FDM [109-111]. The parts were printed with 100% infill and layer thicknesses of 254 
m. Ten parts were printed for each thickness and divided into treated and untreated controls. After 
removing support material in caustic soda, the parts were conditioned following ASTM D618 
Procedure A at 23°C ± 2° and 50% ± 10% relative humidity for a minimum of 40 hours [128]. 
Solvent vapor 
absorbs into 
surface layer 
leading to 
viscous sintering. 
Liquid Solvent 
(acetone) 
Pre-polished Post-polished 
Vapor polishing 
container 
Sample 
absorbing 
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surface. 
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The as-printed dimensions of each part were measured using digital calipers. Each measurement 
was repeated at least 3 times at different locations. 
Surface roughness of all parts were measured using a Veeco Dektak 150 profilometer with 
a tip radius of 5 μm and a spatial resolution of 8 and 0.278 [nm] in the vertical and horizontal 
direction, respectively. Profilometry scans were oriented along the “z” printing axis with a scan 
length of 5 mm in 60 seconds and 10 mg of contact force. The average and RMS roughness of the 
“as printed” unpolished parts were calculated for comparison. Profilometry data was transformed 
into the frequency domain with a fast Fourier transform (FFT) to provide insight of the spatial 
frequency for different surface features over a significant length scale. 
The tensile specimens were tested in an MTS 858 hydraulic table-top tensile testing unit 
after conditioning the tensile specimens in accordance to ASTM D 618 Procedure A. The tensile 
testing was done in accordance to the ASTM Standard D638–10 [126] with a strain rate of 0.5 
mm/min. Force, displacement, and strain data were recorded. 
 
 
Figure 3.2: (a) Dimensions of tensile specimens and (b) build orientation of tensile specimens showing 
different thicknesses of the specimens, © Rapid Prototyping 2018. 
3.2.2 Vapor Polishing 
Vapor polishing was done on the treated control group using three samples (one of each 
thickness) at a time. Two napkins of the same size were soaked with 5 ml of acetone each and 
placed around the perimeter of a 1 L high-density polyethylene container. The tensile specimens 
Dimensions: mm 
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33 
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z 
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y 
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were suspended from a metal fixture inside the container and the container was sealed for 45 
minutes. The polished parts were allowed to dry for 5 days (120 hours) under ASTM D618 
Procedure A conditioning requirements. After five days, a residual weight gain was still observed, 
as seen in Figure 3.3. The weight gain is likely due to residual acetone or water vapor. Weight gain 
is similar for all part thicknesses which is consistent with a surface-mediated process. 
Figure 3.3 shows that mass change over time is consistent with a bi-exponential decay 
diffusion model. A bi-exponential decay diffusion model suggests two separate time constants 
representing different physical kinetics in a parallel process. The first time constant suggest there 
is a sharp evaporation of the acetone initially due to the solvent vapor evaporating from the surface 
layer quickly after removal from the vapor bath. The time constant of this first step is similar for 
all part thicknesses. The slower time constant is sample thickness dependent suggesting that it may 
be dependent on the vapor transport through the plastic to the surface. Mass tracking shows the 
residual weight gain slightly changes material composition, which may be a concern for certain 
applications. Profilometry and dimensional measurements were repeated on the vapor-polished 
barbells. 
 
Figure 3.3: Mass tracking of residual weight gain of vapor-polished samples for different thicknesses 
over time, © Rapid Prototyping 2018. 
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3.2.3 Hermeticity Specimens 
Hermeticity test specimens were designed with a flange on the bottom with a centered 
hemisphere on top with an internal cavity of 0.23 cm3 to be able to compare gross leak hermeticity 
methods (MIL-STD-883E-1014.9 – Seal, Hermeticity Condition 1) and internal pressurization 
methods similar to Mireles’, et al. approach testing sealant and epoxy coatings/vacuum infiltrations 
of ABS AM extrusion components [115]. Figure 3.4 below shows the hermetic test specimens. 
The hemisphere thickness was varied with nominal values of 0.8, 1.0, 1.2 and 1.6 mm. All 
hermeticity parts were printed in ABS material on an open source RepRap printer.  
In the prior work, a multi-feature test part was designed with an internal cavity and attached 
to a test fixture with a pressure inlet to pressurize the internal cavity [115]. Results show a few 
sealants and epoxies can eliminate visible bubbling up to 140-275 kPa (20-40 psi) internal pressure, 
but many of the sealants and epoxies leaked—even for pressures below 70 kPa (10 psi). The 
current work applied the same testing strategy for the vapor polishing study using the experimental 
setup illustrated in Figure 3.5. Prior to water submersion testing, a hole was drilled in the bottom 
of the hermetic test specimen to allow for pressurization of the internal cavity. The specimen was 
clamped between the top and bottom fixture and then submerged in water. Pressure was ramped 
at a rate of 35 kPa/min (5 psi/min) until the max pressure of 345-415 kPa (50-60) psi was reached. 
If bubbles failed to emanate on the part surface, during the pressure ramp, the specimen passed. 
Batches of hermeticity specimens were vapor polished following the tensile bar procedure 
and conditioned for five days according to ASTM D 618 Procedure A before testing. Figure 3.4 
demonstrates the significant smoothing impact of vapor polishing on the surface of the hermeticity 
specimens. 
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Figure 3.4: Printed specimens for hermetic testing: (a) unpolished sample, (b) vapor polished sample, 
(c) 0.8 mm dome thickness cross section, (d) 1.6 mm dome cross section, © Rapid Prototyping 2018. 
 
Figure 3.5: (a) Diagram of pressure leak experimental setup, (b) machined bottom fixture with O-
rings and sample specimen, and (c) mounted top plate with specimen in center, © Rapid Prototyping 
2018. 
Hermetic test specimens were also subjected to a perfluorocarbon gross leak test specified 
by MIL-STD-883E-1014.9 – Seal, Hermeticity Condition 1 to validate and compare the results of 
the air pressurization test. This test determines the effectiveness (hermeticity) of the seal of 
microelectronic and semiconductor devices with designed internal cavities [129]. 
(a) (b) 
(c) 
(d) 
Pr. = xx psi 
Container 
Blue area is water 
Test specimen 
Internal 
volume  
(pressurized) 
Test 
fixtures 
Pressure line 
O-rings 
(a) (c) 
(b) 
56 
The MIL-STD test method was modified slightly from standard procedures to 
accommodate the temperature limits of the printed structures. The perfluorocarbon fluids used in 
this study were 3M Fluoroinert FC-72 for Type 1 detector fluid and 3M Fluoroinert FC-40 for 
Type 2 indicator fluid and abide by the physical property requirements specified by the MIL-STD. 
[129] Figure 3.6 illustrates the MIL-STD procedures for the printed test specimens. As the test 
specimens had a nominal internal volume of 0.23 cm3, a long vacuum exposure wasn’t required. 
However, they were conditioned by 30 minutes under vacuum at P < 5 torr prior to testing to help 
remove any absorbed moisture or other contaminants. Then the parts were returned to atmospheric 
pressure and immediately prepped for testing. 
The Type 1 detector fluid and test samples were placed in a vacuum chamber and the 
pressure reduced below 5 torr for a minute before submerging the specimens in the Type 1 detector 
fluid. Pressure was held for one minute before returning to atmosphere. The specimens were then 
placed under 310 kPa (45 psi) for 8 hours. When the samples were removed from the bath they 
were dried for 2 ± 1 minute in air prior to immersion in Type 2 indicator fluid, maintained at 
100°C. This is reduced from the specification of 125°C due to concern for the softening of the 
ABS specimens. Since 100°C is still well above the Type 1 FC-72 detector fluid’s boiling point 
(56°C), the detector fluid still formed bubbles when present. Devices remained immersed at a 
minimum depth of 50 mm below the surface of the indicator fluid and observed for bubble 
emanation for a minimum of a 30 second observation period. If a definite stream of bubbles or at 
least two large bubbles originate from the same point the part is considered to have failed the test. 
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Figure 3.6: Perfluorocarbon gross leak test, © Rapid Prototyping 2018. 
3.3 Results 
3.3.1 Dimensional Changes 
Ideally, post-processing shouldn’t alter the geometry or dimensions of the manufactured 
part. Table 3.1 summarizes the dimensional changes after vapor polishing. The change of thickness 
and length are negligible with less than 1% change for each specimen thickness. This suggests that 
the 45 minute polishing duration is short enough to prevent slumping of the geometry due to the 
gravitational forces pulling material to the bottom end of the specimen. The only significant change 
in dimensions appears in the width—particularly of the 1 mm specimen. This suggests there may 
be a small surface effect resultant from smoothing of the bulging layer extrusions. Polishing has 
more impact on the 1 mm samples as more of the material is in the surface affected region. Most 
of the dimensional changes remain within the tolerance threshold of the uPrint machine. 
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Table 3.1: Average dimensional changes for vapor polished tensile specimens. 
Geometry 1 mm sample  2 mm sample  4 mm sample  
Δ Thickness (mm) -0.01 ± 0.00 0.02 ± 0.00 0.03 ± 0.02 
Δ Length (mm) -0.82 ± 0.07 -0.22 ± 0.08 0.02 ± 0.04 
Δ Width (mm) -0.20 ± 0.07 -0.06 ± 0.60 0.06 ± 0.02 
 
3.3.2 Surface Roughness 
The key motivation for using vapor polishing is to reduce the roughness, but little data has 
been produced on the impact of polishing on the surface roughness. Figure 3.7a compares the 
profilometry data for a representative polished and unpolished sample. Roughness is dramatically 
reduced (72% for both Ra and Rq) as evidenced by scan statistics in Table 3.2 as well. Garg and 
Singh both found similar large reductions in roughness when vapor polishing, but with lower 
average (Ra) and RMS (Rq) surface roughness [124, 125]. However, this is expected since the prior 
work didn’t scan along the coarsest direction (normal to the print bed), and Garg et al. used a 
thinner layer height while printing. An FFT analysis of the surface roughness along the z-direction 
(Figure 3.7b) shows there is a strong peak corresponding to the layer thickness as ~ 3.75 mm−1 or 
~ 254 μm. The power spectral density of the polished specimen is reduced 10X relative to the 
unpolished specimens at the layer height and is reduced significantly at nearly all length scales. 
This is supported by SEM images of treated and untreated surfaces as seen in Figure 3.8. The 
unpolished samples have clear peaks and valleys at each layer which are nearly eliminated by 
polishing though some sharp edges remain at the layer boundaries. 
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Figure 3.7: (a) Profilometry data of the surface roughness long the build orientation (z-direction), (b) 
FFT analysis of a sample specimen for the surface roughness along the build orientation (z-direction), 
© Rapid Prototyping 2018. 
Table 3.2: Average roughness changes of post-processed specimens. 
 As-printed (μm) Vapor polished (μm) 
Ra ± St. Dev. 37.18 ± 14.55 10.13 ± 8.23 
Rq ± St. Dev. 44.41 ± 15.06 12.39 ± 8.86 
 
3.3.3 Mechanical Properties 
Mechanical testing results are summarized in Figure 3.9. The sample stress/strain data 
(Figure 3.9a) of a 2 mm polished specimen shows increased elongation before fracture, but a 
decrease in elastic modulus. Despite the reduced surface defects, significant strength differences 
were not observed between the polished and unpolished samples. While the strain to failure of the 
polished samples was higher than the unpolished, the difference falls within one standard deviation 
for all except the 2 mm thick parts. The strain to failure for the 1 mm polished specimens have the 
largest increase, but the elastic modulus has the largest decrease. Polishing has reduced the elastic 
modulus in all specimens, but the effect decreases with increasing thickness. Stress vs. strain 
curves of Figure 3.9a show a significant increase in the energy absorbed to fracture in the polished 
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sample. Table 3.3 shows there is about a 50 – 60% increase in energy absorption across all 
thicknesses. 
  
  
  
Figure 3.8: SEM of: (a) 1 mm unpolished, (b) 1 mm polished, (c) 2 mm unpolished, (d) 2 mm 
polished, (e) 4 mm unpolished, (f) 4 mm polished, © Rapid Prototyping 2018. 
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Figure 3.9: Mechanical property charts for unpolished vs. polished samples: (a) stress vs. strain 
curves for 2 mm thick samples, (b) Ultimate tensile strength, (c) strain to failure, (d) and elastic 
modulus vs. sample thickness, © Rapid Prototyping 2018. 
Table 3.3: Energy absorption [units in kJ/m3]. 
Sample 
Thickness (mm) 
Unpolished Polished Percentage Increase 
1 83.04 ± 27.87 126.01 ± 43.08 51.75 
2 70.48 ± 12.73 112.18 ± 24.91 59.17 
4 76.19 ± 18.27 113.14 ± 42.89 47.50 
 
3.3.4 Hermeticity 
Hermetic testing results in Table 3.4 shows vapor polishing can have a profound effect on 
alleviating surface porosity and achieving a gross hermetic seal for ABS FDM components. For 
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the air pressurization test, all of the vapor polished UFO specimens for different thicknesses passed 
hermeticity except one. This specimen may have been damaged during test preparations (i.e. 
poking a small hole while drilling the pressure inlet). All of the unpolished UFO specimens with 
less than 1.6 mm in hemi-sphere thickness failed hermeticity though a majority of the 1.6 mm 
unpolished UFO specimens passed. At high infill levels, the overlapping layers improves sealing 
with increased thickness as expected. Most of the vapor polished specimens for hermeticity pass 
the perfluorocarbon gross leak test while all of the as-printed specimens fail. 
Table 3.4: Hermetic testing results. 
Hemi-sphere 
thickness (mm) 
Perfluorocarbon gross leak test Air pressurization test 
Unpolished Polished Unpolished Polished 
0.8 ○ ○ ○ ○    ○ ○ ○ ○ ○    ○ 
1.0 ○ ○ ○ ○    ○ ○ ○ ○      
1.2 ○ ○ ○ ○     ○ ○ ○ ○     
1.6 ○ ○ ○ ○   ○ ○    ○    
Note: ‘’ = passing while ‘○’ = failing hermeticity 
 
3.4 Discussion 
Acetone vapor polishing has a substantial impact on the surface finish of the treated ABS 
parts. The acetone vapor polishing partially dissolves some of the outward bulging material on the 
surface of the part and allows the “high” material to flow into the “low” areas between each layer 
under surface tension effects. The average and RMS roughness both decreased significantly (72%) 
due to vapor polishing creating a visibly smooth and shiny surface finish that is more aesthetically 
appealing than the as-printed parts. Vapor polishing also seems to heal minor process defects on 
the surface. For example, the SEM imaging comparison of the 1 mm tensile specimens in Figure 
3.8a and Figure 3.8b shows the as-printed specimen to have a process error from the extrusion 
deposition but the 1 mm vapor polished specimen largely erases this artifact. The present tests 
show that vapor polishing can have a small effect on the dimensional characteristics of ABS 
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components of 1 mm thickness but is negligible at larger thicknesses. However, the dimensional 
changes are dependent on the processing parameters and part geometry. Further work is needed to 
characterize the relationship between the process parameters and the surface roughness outcomes.  
Unlike chemical treatments for Nylon laser-sintered parts [120], vapor polishing of ABS 
FDM parts had a very small impact on the mechanical properties except energy absorption. In 
general, the polished specimen strength is comparable with the unpolished specimens. While the 
elongation to break is increased, it remains much lower than injection molded ABS. Thinner 
components are impacted more than their thicker counterparts. This result is most likely due to the 
relatively larger surface area/volume ratio of the thinner specimens. The small elastic modulus and 
elongation to failure changes could be due to the surface smoothing itself, but we believe it is 
likely related to the residual weight gain of the treated parts. The additional weight may be due to 
retention of residual acetone that acts as a plasticizer—enhancing ductility but reducing stiffness 
[130]. Vapor polishing enhances the energy absorption and ductility of the printed parts 
substantially, but still well below injection molded ABS since the failure is interlaminar brittle 
fracture. 
The z-direction printing orientation was chosen for the tensile specimens as this is typically 
the weakest direction and thus the one most likely to benefit from post-processing. The layer 
boundaries create small cracks between each layer oriented normal to the force where high stress 
concentrations can accumulate. This allows brittle fracture to occur as a result of mode I crack 
opening failure. Acetone vapor polishing partially fills the cracks on the outside, either shortening 
the crack length or potentially eliminating the cracks completely. This should result in better 
mechanically-performing parts, however the strength impact was insignificant in these tests even 
though the mechanical properties were tested in the worst case mechanical orientation due to 
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interlaminar brittle fracture. This is likely because the smoothing effects were limited to the surface 
region due to the steep acetone concentration gradient. Since a significant strength change was not 
observed in this direction, it is unlikely that there would be an impact in other printing orientations 
with the current polishing process. 
The SEM imaging of the vapor polished tensile specimens show there are still some sharp 
defects present at the layer boundaries after polishing. This suggests that the highest peaks of the 
surface roughness are flowing toward the recesses, but the material in the negative features is not 
dissolving and flowing. This may be due to rapid absorption of acetone at the exterior surface 
preventing effective acetone transport into the negative features required for full smoothening and 
complete crack healing. Without complete crack healing, stress concentrations are still present at 
the surface and in the interior which wouldn’t allow for the increase in strength comparable to bulk 
material properties. A change in the vapor polishing method with enhanced diffusion of acetone 
uniformly into the surface of the specimen could enhance strengthening effects of extrusion 
components to compare more equally to bulk material properties. However, the layer to layer 
bonding may still remain a weakness. 
Vapor polishing provides a novel approach for effectively sealing the inherent porosity of 
the extrusion process. The perfluorocarbon gross leak test seems to be a more demanding test for 
the printed parts than the internal pressurization test. This may be due to the different phenomenon 
at play during each test type. The water submersion test fails if the pressurized air is transported 
through the wall by a continuous channel. In contrast, the perfluorocarbon test detects the existence 
of any pores exposed to the exterior of the sample. Printed samples are likely to fail the 
perfluorocarbon test before the water submersion test because bubbles can emanate from surface 
porosity even if there is not a continuous path through the entire thickness of the material. Vapor 
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polishing directly addresses this limitation since it acts at the exterior surface. Component sealing 
by vapor polishing can open applications of fluid pressure components, electronics packaging, or 
even medical device housings where the protection of internal components from the surrounding 
environment is critical. 
This work considered only the case for a full infill. Parts with partial infill may behave very 
differently as there are many more interfaces to bond. This may create new opportunities for 
property enhancement through vapor polishing. Partial infill may also introduce new failure 
mechanisms as thinner surface sections may collapse with excessive acetone exposure. Given the 
known potential for residual stresses in printed parts, vapor polishing may also introduce 
challenges with environmental stress cracking (ESC). While this has not been noted in the 
literature or observed in our tests, it may be an issue for future investigation. 
3.5 Conclusions 
FDM components have obvious drawbacks of surface roughness, porosity, and anisotropic 
properties. This study investigates the effect of vapor polishing of ABS tensile specimens on 
surface roughness, dimensional accuracy, mechanical properties, and porosity of the printed parts 
for evaluating 3D printed packaging. Polishing significantly decreases surface roughness but has 
a modest impact on mechanical performance that decreases with increasing part thickness. It was 
found that vapor polishing has a larger impact on thinner components by increasing strain to failure 
and strength but decreasing the elastic modulus. Thicknesses above 2 mm show a modest 
improvement in ductility and strength with a modest decrease in elastic modulus. Energy 
absorptions increase is similar for all thickness levels. Vapor polishing largely eliminates the 
porosity of extruded components and effectively establishes a gross hermetic seal, which can 
prevent contamination or moisture absorption that may compromise component functionality in 
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applications like printed electronics. This study helps to improve the quality of ABS extrusion 
components and with future work can ultimately advance extrusion technologies.  
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CHAPTER 4  
THERMAL AND VAPOR SMOOTHING OF THERMOPLASTIC FOR REDUCED 
SURFACE ROUGHNESS OF ADDITIVE MANUFACTURED RF ELECTRONICS2 
4.1 Introduction 
Additive manufacturing (AM) refers to a set of processes that enable fabrication of 
components directly from digital models using controlled material deposition or fusing [101, 131]. 
AM processes have advantages including: increased geometric freedom, reduced cost of 
customization due to eliminating part-specific tooling, and reduction in waste material [83, 103, 
104, 131]. New hybrid AM methods merge conductive ink micro-dispensing, CNC machining, 
laser machining, and pick & place technologies in order to fabricate functional electronics [70, 
132, 133]. However, many AM processes have significant limitations including anisotropy, lower 
than bulk material properties, and higher surface roughness [108-111, 134-137]. 
While photolithography provides fine resolution, excellent electrical performance, and 
high integration density, it also requires expensive equipment, part-specific tooling (masks), and 
is largely limited to flat substrates [35, 49]. Photolithography also can entail many deposition and 
etching steps generating a considerable amount of waste, infrastructure needs (e.g. a cleanroom), 
labor, and processing time. Hybrid AM methods have the potential to overcome these limitations 
and are particularly attractive in radio frequency systems and low-cost electronics (antennas, 
 
2C. N. Neff, E. A. Rojas-Nastrucci, J. Nussbaum, D. Griffin, T. M. Weller, N. B. Crane, Thermal and Vapor Smoothing 
of Thermoplastic for Reduced Surface Roughness of Additive Manufactured RF Electronics, unpublished, submitted 
to IEEE Transaction on Components, Packaging, and Manufacturing Technology in February 2018. Included here 
with permission. 
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waveguides, RFID tags, smart cards, sensors, etc.) where characteristic geometries are > 10 m, 
electrical requirements are not as demanding, and there are potential performance benefits from a 
3D geometry [35, 138-146]. 
The application space for hybrid printed electronics is constrained by the electrical 
performance of the systems (e.g., the dissipative loss). The main limitation is the effective 
electrical conductivity of the 3D-printed inks. Many of the commercial inks have DC conductivity 
two orders of magnitude lower than pure silver [44, 147]. Furthermore, the roughness of the printed 
substrates further degrades the electrical properties by increasing dissipative losses—especially at 
higher microwave frequencies [71, 72, 148, 149]. 
Surface roughness of plastic extrusion within the realm of AM ranges anywhere from ~2-
50 µm depending on print orientation and settings [124, 134, 135, 150]. Hawatmeh and Stratton 
show insertion loss of microstrip lines can vary by more than 30% when considering the orientation 
of plastic extrusion for the undulating surfaces seen in AM [151, 152], illustrated in Figure 4.1 as 
perpendicular and parallel. It is evident the undulating surfaces can directly hinder performance of 
functional electronics by increasing conductor effective length thus insertion loss, and may also 
introduce open circuits from over-extrusion or short circuits from under-extrusion when 
conductive ink is micro-dispensed on top of the undulating surfaces [70, 147]. 
 
Figure 4.1: Directionality of undulating extruded surfaces with (a) perpendicular and (b) parallel 
dispensed conductive ink and (c) diagram of coplanar waveguide. 
(a) (b) (c) 
t 
width (w) 
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This paper considers the impact of post-processing methods to reduce surface roughness. 
Vapor smoothing has been shown to significantly reduce surface roughness of extruded 
components while maintaining dimensional accuracy [121-125, 150]. In vapor smoothing, the part 
is exposed to a solvent vapor. The solvent in the atmosphere is absorbed and the material locally 
re-flows due to surface tension and gravitational effects—yielding a much smoother surface finish. 
The most common method utilizes acetone vapor to treat acrylonitrile butadiene styrene (ABS). 
While vapor smoothing is a low-labor, proven process, it is not feasible with all thermoplastics, 
leaves residual solvent that may alter material properties [150], and the solvents have an 
environmental impact. 
Vapor smoothing will be compared with a new post-processing method called thermal 
smoothing. This method utilizes an optical source to heat the surface. Thermal smoothing is 
applicable to all thermoplastics, does not alter material composition, enables spatial control of 
smoothing and quick processing, and eliminates the environmental issues with solvent use. 
Perhaps most importantly, it can be integrated into an AM system for treating intermediate layers 
as well as the final exposed surfaces—which could be useful where electronics are to be embedded 
within a structure. This research reports the impacts of vapor smoothing and thermal smoothing 
with a reduction up to 90% of the undulating surface roughness of extruded components. A study 
of micro-dispensed coplanar waveguides (Figure 4.1c) shows the potential benefits of smoothing 
processes by measuring the electrical performance with and without smoothing treatments and 
with varied orientation of the conductor relative to the extrusion paths. Smoothing processes 
improve the electrical performance by reducing dissipative losses up to 40% depending on 
coplanar waveguide orientation. 
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4.2 Methods 
Substrates 25 x 25 mm2 were fabricated using 3DXTech Jet Black ABS in two different 
machines. An open source printer with a 400 µm diameter nozzle fabricated the “RepRap” 
substrates to a thickness of 2 mm using 200 µm layer heights. An nScrypt Table Top 3Dn system 
fabricated the “nScrypt” samples as an example of higher quality substrates using a 250 µm 
diameter nozzle and a final thickness of 1 mm using 100 µm layers. The nScrypt components were 
only 1 mm in thickness since they could easily be removed from the bed without warping and 
decreased the print time by about 50%. Both substrate types were printed with 0º raster angle, 
100% infill, 230ºC extrusion temperature, and 100ºC bed temperature to match printing conditions 
on both machines. Six substrates were fabricated for each subset of testing including: untreated, 
vapor smoothing, and thermal smoothing for both RepRap and nScrypt substrates, for a total of 36 
substrates. For RepRap samples only, coplanar waveguides were deposited on the surface with 
three samples oriented perpendicular and three parallel to the extrusion paths. 
Once substrates were printed, the surface topology was characterized using a Veeco Dektak 
150 profilometer. A 5 µm radius tip was used on the contact stylus with 3 mg of contact force and 
a spatial resolution of 8 and 0.278 nm in the vertical roughness and horizontal scan directions, 
respectively. Each substrate was scanned along three different lines, each perpendicular to the 
polymer extrusion paths with a scan length of 5 mm in 60 seconds. The average (Ra) and RMS 
(Rq) surface roughness were recorded for each scan and averaged for an overall average and RMS 
roughness. A cut-off length of 1 mm was utilized to attenuate low frequency “waviness” of the 
substrates. After smoothing processes were performed, surface roughness was measured and 
compared to the untreated substrates. 
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4.2.1 Substrate Post-Processing 
Vapor smoothing (VS) was performed by placing 2 substrates at a time on a sample bed 
within a 472 mL container in ambient laboratory conditions. With the substrates in position, 5 mL 
of liquid acetone was introduced to the bottom of the container that was then sealed for 50 minutes 
as illustrated in Figure 4.2a. After the 50-minute cycle, substrates were removed and allowed to 
dry in ambient laboratory conditions for at least 24 hours before further processing. 
 
Figure 4.2: Post-processing methods: (a) vapor smoothing and (b) thermal smoothing. 
Thermal smoothing (TS) subjects the substrate to localized heat. In this work, the localized 
heat radiated from a modified projector emitting high intensity visible light to heat the surface. 
This system has also been used to fuse entire layers of polymer powder as an alternative to laser 
sintering, more details can be found in the reference provided [153]. The heat patterning device 
from this process enables surface smoothing in this work by patterning heat over a 21 x 16 mm2 
(4:3 aspect ratio) exposure area on the top surface. This elevates the temperature only in the 
exposure area, allowing the material to re-flow and self-smooth by surface forces. A FLIR infrared 
(IR) camera (model #: A325sc) captured temperature vs. time data during the smoothing process. 
The thermal smoothing experimental set-up is illustrated in Figure 4.2b. In order to mimic a mid-
print smoothing operation, the substrate was subjected to a low intensity preheat of 0.76 W/cm2 
Substrates 
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capturing thermal 
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Vapor smoothing 
duration: 50 mins. 
Thermal smoothing 
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for 60 seconds where the top surface reached 150ºC. The power was then increased sharply to near 
full intensity of 1.14 W/cm2 for 90 seconds to raise the surface temperature over the ABS extrusion 
temperature to smooth the surface. Preheating reduces thermal gradients and eliminated warping 
during treatment. A thermal image in Figure 4.3 shows spatial distribution of temperature just 
before the thermal smoothing process ended. Figure 4.4 illustrates the complete temperature versus 
time profile of the thermal smoothing process. 
 
Figure 4.3: Thermal image from IR camera during thermal smoothing. 
 
Figure 4.4: Thermal smoothing temperature vs. time profile. 
4.2.2 Electrical Characterization 
A coplanar waveguide (CPW) transmission line with 50  characteristic impedance was 
designed and laser machined from a conductor with overall conductor dimensions of 7.5 x 3.68 
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mm2 (Figure 4.1c). The nScrypt SmartPumpTM was used to micro-dispense CB028, a 
commercially available silver thick-film paste from DuPont, as the conductor on the RepRap 
substrates. The parameters of the CB028 micro-dispensing are: 175 µm/125 µm ceramic tip, 
printing speed 25 mm/s, printing pressure 12 psi, printing height 100 µm, and valve opening 0.1 
mm. The coplanar waveguides were dispensed perpendicular and parallel with respect to the 
extrusion paths for performance comparison. After dispensing, the samples were cured in a box 
oven at 80ºC for 60 minutes. A Lumera Super-Rapid picosecond laser, operating at 1064 nm 
wavelength with <15 ps pulse width, is then utilized to cut two slots into the conductor thereby 
forming two ground planes and a signal line in the center. (The laser settings are 1 W average 
power, 7 repeated passes, and a repetition rate of 100 KHz.) The final measured dimensions are 
379.50 ± 11.69 µm, 66.87 ± 5.12 m, and 1.67 ± 0.07 mm for the center line width (w), slot size 
(s), and ground width (g), respectively. The thickness of the substrate (ABS) is 2 mm. The 
performance characterization is based on S-parameters that are measured with a vector network 
analyzer Agilent N5227A PNA. For this, a pair of 1200 µm pitch ground-signal-ground (GGB 
Industries ECP18-GSG-1200-DP) probes are utilized. Calibration is performed using a GGB CS-
10 calibration substrate. 
4.3 Results 
4.3.1 Surface Smoothing 
Table 4.1 indicates that both smoothing processes diminish the magnitude of the undulating 
surfaces, and that the vapor polishing produced a lower final roughness than the thermal 
smoothing. Untreated nScrypt components have tighter trenches between extrusions resulting in a 
lower initial roughness than the untreated RepRap components, thus, the smoothing effect is more 
pronounced for the RepRap components as more material will re-flow during smoothing. Thermal 
74 
smoothing reduces Ra of RepRap components to 2 µm while thermal smoothing nScrypt 
components and vapor smoothing (regardless of component type) achieves an Ra of under 1 µm. 
Profilometry scans of Figure 4.5 and SEM images of Figure 4.6 show the comparable 
surface topology of the RepRap and nScrypt components. A feature to emphasize is the wider 
trenches between untreated RepRap extrusions whereas untreated nScrypt components have a 
much tighter trench. This could partly explain the difference in Ra even though the peaks of the 
untreated nScrypt extrusions are close to the same height of the untreated RepRap extrusions. It is 
possible that the full depth of the trenches and resulting Ra is not fully measured due to the 
limitation of probe size, which would have a greater effect on the nScrypt samples since the 
trenches are narrower. Figure 4.5 and Figure 4.6 also illustrate thermal smoothing reduces the 
height of the undulating roughness corresponding to extrusion lines but does not eradicate the 
wavy features as fully as vapor smoothing. Untreated nScrypt components have sharper radiuses 
for extrusions from the characteristically smaller nozzle diameter but Figure 4.5b and Figure 4.6d 
show there is a process error as the surface peaks have alternating heights of about 4 and 12 µm. 
Smoothing processes erase the process error artifact. 
Table 4.1: Surface roughness of RepRap and nScrypt samples. 
Surface  
Roughness 
(µm) 
RepRap nScrypt 
Untreated 
Thermal 
Smoothing 
Vapor 
Smoothing 
Untreated 
Thermal 
Smoothing 
Vapor 
Smoothing 
Ra 10.53 ± 1.22 2.00 ± 0.15 0.79 ± 0.11 3.88 ± 0.35 0.92 ± 0.08 0.60 ± 0.08 
Rq 12.73 ± 1.46 2.42 ± 0.21 0.98 ± 0.16 4.81 ± 0.34 1.16 ± 0.12 0.72 ± 0.09 
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Figure 4.5: Profilometry data of untreated, thermal smoothing, and vapor smoothing surfaces for (a) 
RepRap and (b) nScrypt samples. 
 
Figure 4.6: SEM images at 50X of: (a) untreated RepRap, (b) thermal smoothing RepRap, (c) vapor 
smoothing RepRap, (d) untreated nScrypt, (e) thermal smoothing nScrypt, and (f) vapor smoothing 
nScrypt. 
4.3.2 Electrical Performance 
Figure 4.7 shows the experimental results for average attenuation constant (α) and phase 
constant (β) versus frequency for each substrate subset while Figure 4.8 shows the average α and 
β with standard deviations at 7 GHz. We analyze the propagation constant: γ = α + jβ, as it provides 
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a metric to quantify the effect that surface roughness has on the performance of the transmission 
lines at microwave frequencies [133], which is computed using the measured S-parameters. The 
attenuation constant accounts for the dissipative losses per unit length (dB/cm) of the waveguide, 
whereas the phase constant is related to the wave velocity (rad/m). Experimental results indicate 
untreated surfaces have high attenuation constants as frequency approaches 7 GHz, thus the largest 
resistance to the transmission of the high frequency signals. Untreated coplanar waveguides 
printed parallel to the substrate extrusions have 34% more attenuation than when printed 
perpendicular to the substrate extrusion paths. 
Prior simulation studies by Stratton [152] predicts that CB028 microstrip transmission lines 
have ~30% more loss when printed parallel to large undulating surface features. The experimental 
results on untreated substrates are consistent with this prior work. The skin effect, which describes 
the tendency for electrical current to concentrate closer to the “skin” of the conductor as frequency 
increases [148], is the driving phenomenon of the current flow characteristics. The skin effect 
promotes high current density regions where cross-sectional area is a minimum as surfaces with 
electrical current are in close proximity. For current flowing perpendicular to undulating surfaces, 
the current travels a wavy path that conforms to the features mostly between the peaks of the 
undulating substrate and the conductor surface due to the skin effect. Hence, current will have high 
density over the peaks of the undulating surface, as shown in the illustrations of Figure 4.9a and 
Figure 4.9b. This increases effective conductor length and resulting dissipative losses, but not as 
substantially as in the case of the current conforming to full undulating features, accumulating in 
the valleys, and having a much more pronounced semi-circular current path. Conversely, current 
flowing parallel to undulating surfaces accumulates along the bottom edge of the centerline 
conductor, as shown in Figure 4.9c and Figure 4.9d. Current collects here as the sharp corner along 
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the bottom edge of the center signal line is where area is at a minimum for the constant cross-
section, as shown in the cross-section of Figure 4.10d. This confines the current to a small region 
and increases the effective resistance and the resulting dissipative losses of the current path. 
 
Figure 4.7: Experimental results of  average attenuation constant (α) and phase constant (β) vs. 
frequency of parallel (a) and perpendicular (b) CPWs. Note: Unt = untreated, TS = thermal 
smoothing, VS = vapor smoothing, PP = perpendicular, and PA = parallel. 
 
 
Figure 4.8: Average attenuation constant (α) and phase constant (β) at 7 GHz. Note α becomes nearly 
isotropic upon thermal smoothing while vapor smoothing has significant variation. 
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Figure 4.9: Current density characteristics along the edge (side view) of the center signal line for 
perpendicular (a & b) and parallel (c & d) coplanar waveguides. Note the high current density areas. 
Figure 4.7 shows both thermal and vapor smoothing significantly decrease dissipative 
losses. Decreased undulating surface features (as shown in Figure 4.10) allow current to flow in a 
smoother fashion for more ideal flow by conducting through a greater cross-sectional conductor 
area, which reduces effective conductor resistance. Figure 4.8 depicts thermal smoothing has 
nearly isotropic performance between waveguide orientations, which is attractive for designing 
circuits on extruded surfaces as electrical performance is no longer orientation dependent. 
Vapor smoothing also reduces conductor loss comparing untreated components; however, 
despite the significantly reduced surface features, has much more sample to sample variation than 
its rougher thermal smoothing counterparts, as shown in Figure 4.8. Furthermore, Figure 4.10c 
and 10f provide evidence of cracks in the coplanar waveguides and substrate. Figure 4.11 
illustrates the characteristic crack locations on the coplanar waveguides. These artifacts are 
exclusive to the vapor smoothed substrates and so the cracking likely arises from the acetone. It is 
possible that acetone remaining after the vapor smoothing process affects microwave signal 
transmission and impacts the permittivity of the substrate, which makes the electrical performance 
more unpredictable and less favorable for printed electronic systems. 
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Figure 4.10: SEM isometric CPWs (a) untreated, (b) thermal smoothing, and (c) vapor smoothing 
and cross-sections (d) untreated, (e) thermal smoothing, and (f) vapor smoothing. Note Unt = 
untreated, TS = thermal smoothing, and VS = vapor smoothing. 
 
Figure 4.11: Illustration of crack locations in vapor-smoothed CPWs. Note the cracks forming 
perpendicular along the edges and radial at the corners where tensile stresses are acting in orthogonal 
directions. 
4.4 Discussion 
In this work, we found that both thermal and vapor smoothing significantly improve 
surface roughness of extruded ABS for printed electronics or other applications. Both smoothing 
processes have a similar end surface roughness between RepRap (large nozzle diameter) and 
nScrypt (small nozzle diameter) components. Smoothing processes impact the larger nozzle 
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diameter components more since larger trenches exist between the extrusion paths, which require 
greater re-flow of the material before creating a uniform surface. 
Thermal smoothing bypasses the drawbacks of vapor smoothing by introducing a process 
that is compatible with all thermoplastics, doesn’t alter material composition, offers precise control 
of smoothing, quick processing, and a green technology with much less environmental impact. 
Thermal smoothing also could more easily be integrated into an AM system. A concentrated heat 
source could be in the form of a standalone unit or a tool-head within a multi-tool AM system in 
which the component being printed can be smoothed in between layers or after print completion 
for an in-situ process. This approach may increase fabrication time but would use less energy than 
a cooled component as the material is already heated from being just extruded by the nozzle. 
Thermal smoothing can provide other mechanical property impacts as well by densifying 
and strengthening the material. During an in situ smoothing process, thermal smoothing has the 
potential to fuse stacking extrusion layers with enhanced bonding to provide increased mechanical 
performance while also decreasing the surface roughness. This would increase mechanical 
properties such as: strength, stiffness, and ductility; which usually are inferior to traditional 
manufactured components. Thermal smoothing thus has the potential to reduce the discrepancy of 
mechanical properties between AM and traditional manufacturing while also creating more 
isotropic printed components. A higher power heat source could potentially boost thermal 
smoothing to be on par with vapor smoothing for surface roughness. In this work, the intensity 
was limited to 1.14 W/cm2, but if a higher intensity heat source was available the undulating 
features may diminish more fully in shorter times. However, thin components may be of concern 
as the large temperature gradients may induce warping. An in situ thermal smoothing process 
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within an AM system could be utilized to locally smooth and potentially reduce stresses in the 
printed parts. 
In applications like printed electronics, the inherent surface roughness is a critical obstacle 
which hinders electrical performance. The undulating surface features create anisotropic electrical 
performance when micro-dispensing conductive materials perpendicular or parallel to plastic 
extrusion. Undulating surface features can also result in open or short circuits when either over-
extruding or under-extruding plastic, respectively. Attempting to eliminate over- or under-
extrusion without smoothing processes can lead to time consuming fine tuning of the extrusion 
multiplier during fabrication. The idea of structural electronics may benefit from smoothing 
processes even more as surface roughness on inclined surfaces is more pronounced than top 
surfaces. 
The cracking observed in vapor smoothed components (Figure 4.11) could be a significant 
source of the reduced electrical performance relative to thermal smoothed components. The crack 
formations are consistent with tensile stresses acting to separate the paste, but the mechanism for 
the cracking and the role of vapor smoothing is unclear. Additional work is required to understand 
this issue, but we posit three potential mechanisms: (1) shrinkage associated with evaporation or 
residual acetone, (2) environmental stress cracking (ESC) due to acetone presence, and (3) an 
increased coefficient of thermal expansion (CTE) mismatch between paste and substrate. Acetone 
evaporation during curing would permit shrinkage of the ABS substrate (especially upon cooling) 
and increase the stresses in the coplanar waveguides. ESC results in a synergistic effect of the 
chemical agent and mechanical stress that results in crack formation at reduced stress levels in 
plastics [154]. In ESC, the chemical agent (in this case acetone) interferes with intermolecular 
binding, which accelerates molecular disentanglement and eventual fracture at reduced levels 
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[154]. An increase in CTE of the substrate with the addition of acetone could provoke more 
expansion of the substrate, and in turn, increase the tensile stresses induced in the coplanar 
waveguides. The residual acetone may also be reacting with the solvent in the paste upon curing 
and inducing the cracks in the paste and ruptures in the substrate. 
Figure 4.7a shows loss increases as frequency increases. Therefore, smoothing processes 
may show even larger improvement for electrical performance as frequency increases beyond 7 
GHz. As the operating frequency of electronic components inevitably continues to rise, smoothing 
processes can have a substantial impact on permitting printed electronics to infiltrate into 
widespread application. For instance, this could help enable customizable devices printed on-the-
fly with selectable communication ability. 
4.5 Conclusions 
The inherent layer stacking and point wise extrusion familiar to some AM processes render 
a component with much greater surface roughness than conventional manufactured components. 
This surface roughness reduces performance for many AM applications. Thermal and vapor 
smoothing processes significantly decrease the undulating features of AM extruded surfaces. 
Thermal smoothing enhances the electrical performance for the CPWs studied here by decreasing 
insertion loss up to 40% at 7 GHz and achieving nearly isotropic performance between 
perpendicular and parallel conductors, which is favorable when designing printed electronics. 
Vapor smoothing also decreases insertion loss up to 24% but still shows significant variation and 
unpredictability between conductor orientation. One would expect vapor smoothing to outperform 
thermal smoothing since the surface roughness is lower, but vapor smoothing induces cracking of 
the conductive paste which likely increases dissipative losses. Smoothing processes have the 
potential to open more widespread application space for customizable printed electronics devices.  
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CHAPTER 5  
MECHANICAL AND TEMPERATURE RESILIENCE OF MULTI-MATERIAL 
SYSTEMS FOR PRINTED ELECTRONICS PACKAGING3 
5.1 Introduction 
Traditional methods of fabricating electronic systems have long lead times and require 
tooling such as masks that make it difficult to customize products [35, 155]. This imposes a 
significant challenge in maintaining inventory of a diverse set of components and increases costs 
of customization [156, 157]. Manufacturing methods that produce components directly from a 
digital model on demand ameliorate some of these challenges, but there is significant uncertainty 
in the performance levels of devices produced using these methods. 
Additive manufacturing (AM) fabricates components from a digital definition [101, 131]. 
Hybrid digital manufacturing integrates AM processes (thermoplastic extrusion and/or paste 
deposition) with other digital operations including: pick and place, milling, polishing, and laser 
machining within a multi-headed tool [70, 132, 133]. This enables fabrication of printed functional 
electronics without the need for sophisticated electronics manufacturing processes (i.e. 
photolithography) while shifting inventory from physical off-the-shelf components to a digital 
thread that can be fabricated on demand. A hybrid digital manufacturing approach also enables 
electronic fabrication to decrease the device form factor by conforming to a 3D structure [158, 
 
3C. N. Neff, J. Nussbaum, C. Gardiner, N. B. Crane, J. L. Zunino III, M. Newton, Mechanical and Temperature 
Resilience of Multi-Material Systems for Printed Electronics Packaging, unpublished, submitted to ASME Journal of 
Electronics Packaging in July 2018. ASME does not grant permission for this article to be further copied/distributed 
or hosted elsewhere without the express permission from ASME publications. 
84 
159], which unlocks potential for unique devices that were previously impossible to fabricate with 
existing planar electronics manufacturing. 
Printed functional electronics typically consists of multi-material systems that make up the 
substrate, conductive interconnects, and die/encapsulant. However, combining multiple materials 
introduces several challenges that must be overcome to yield an effective electronic package. 
These properties include: be structurally robust to protect the encapsulated materials, have 
adequate adhesion to the substrate to maintain function during operation, be temperature resilient 
to withstand operating temperatures, and have matching coefficient of thermal expansions (CTEs) 
with joining materials to reduce thermo-mechanical stresses upon thermal cycling [160-164]. 
Matching CTEs is paramount in electronics packaging otherwise cracking and delamination can 
occur between dissimilar materials upon thermal cycling. 
Printed functional electronics have been demonstrated to fabricate multi-material, multi-
layered, low power, and potentially low-cost systems with integrated passive components 
including: RFID tags, sensors, and antennas [141, 144, 149, 165]. However, there is relatively little 
performance evaluation of these printed electrical systems when subjected to harsh environmental 
conditions. Therefore, printed electronics need to be qualified to achieve widespread application, 
especially those with aggressive environments like in the defense industry [132, 166, 167]. 
Another work shows CB028 conductive paste deposited on poly-ether-ether-ketone (PEEK) 
substrates maintains resiliency when subjected to harsh mechanical and thermal environmental 
conditions [168]. However, the current work takes harsh environmental testing of printed 
electronic materials one step further by examining the impact of key environmental stresses 
(temperature, mechanical shock, shear forces) on a simple electrical component consisting of three 
materials. The selected component has a micro-dispensed conductive trace onto a substrate with a 
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printed ‘die’, which could be used to encapsulate components in electronics packaging. The simple 
electronic devices were fabricated on two different substrates (FR4, Kapton® film) and the dies 
were fabricated using two different methods (paste deposition, projection sintering) from two 
different materials (Master Bond epoxy, Nylon 12). This work elucidates the robustness of printed 
electronic multi-material systems when subjected to harsh environmental conditions. 
5.2 Methods and Materials 
The electronic device consists of a cured conductive paste circuit (DuPont CB028) on a 
substrate and a housing cylinder (or ‘die’) without a cap. An nScrypt SmartPumpTM was used to 
dispense both the CB028 for the conductive circuit and Master Bond (MB) SUP10HTND epoxy 
dies while the subset of LAPS dies were sintered with Nylon 12. Both CB028 and the MB epoxy 
were cured at 90ºC for one hour. Kapton® and FR4 were chosen as substrate materials since they 
are both commonly used in the electronics industry and provide a flexible and rigid substrate, 
respectively. LAPS Nylon 12 dies were only printed on FR4. Table 5.1 lists the coefficient of 
thermal expansions (CTE) for the materials utilized in this work. Note the significantly higher CTE 
of Nylon. The measured CTE values utilized a TA Instruments Q400 Thermo-mechanical 
Analyzer (TMA) with sensitivity of ± 15 nm, a ramp rate of 5ºC/min from ~30 to 165ºC, and a 
probe contact force of 0.01 N. 
Table 5.1: Coefficient of thermal expansion (CTE) for materials studied. 
Material CTE (ppm/ºC) Source 
Kapton® 17 (30-100ºC) Datasheet [169] 
FR4 11-15 (in plane) Datasheet [170] 
CB028 ~30 (30-75ºC) Measured 
Nylon (LAPS) 170 (30-165ºC) Measured 
MB epoxy 45-50 (@ Troom) Personal communication [171] 
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The inner and outer diameters of the MB dies were designed for 3 and 4 mm, respectively; 
however, the MB tends to slump after deposition and actually has more of a trapezoidal cross 
section with inner and outer diameters closer to 1-1.6 and 6 mm, respectively. The LAPS dies were 
sintered and measured to have inner and outer diameters of 2 and 4 mm, respectively. LAPS dies 
are not subjected to the viscous effects of slumping like the MB dies therefore maintain the 
cylindrical shape and match designed dimensions with much greater accuracy than the MB 
cylinders. The smaller than designed ID of the dies could be corrected by calibrating out shrinkage 
effects seen in these samples. All heights were close to 2 mm as designed. Figure 5.1 illustrates 
the varying samples types. 
 
Figure 5.1: CB028 circuits and dies: (a) MB on Kapton®, (b) MB on FR4, and (c) LAPS Nylon 12 on 
FR4. Note the conductive strip is highlighted in the middle of the cup that connects the circuit 
underneath the cup, © ASME 2018. 
The conductive circuit itself was characterized by measuring the resistance and continuity 
immediately before and after each test regime with four point probing consisting of a measurement 
error of ± 3 mΩ. During four point probing, the sensing probes were placed immediately adjacent 
to either side of the die (Figure 5.1) while the current supplying probes were placed 10 mm from 
the sensing probes on opposite ends of the conductive circuit. 
5.2.1 Large Area Projection Sintering (LAPS) 
The LAPS technology developed at the University of South Florida is a powder bed fusion 
technology which utilizes a high intensity projector to selectively heat and fuse an entire cross 
section with a single exposure [153]. This provides the ability to extend sintering times without 
extending overall build time. Extended sintering times allows the material to fully densify without 
(a) (b) (c) 2 µm 2 µm 2 µm 
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the need for high peak temperatures (as in laser sintering processes) which can degrade the material 
and is well suited for sintering temperature sensitive materials [172, 173]. Additionally, extended 
exposure times (~1-5 seconds) allows sufficient time for closed loop point-wise temperature 
control of the sintering cross section with feedback from a thermal camera. The integrated thermal 
camera captures areas that are not at the proper temperature and quickly adjusts the image until a 
specified temperature is reached. The LAPS process also allows a log file for every layer to provide 
a post-build report for certification purposes. Figure 5.2 presents a schematic of the LAPS system 
in which a low end off-the-shelf projector was modified to decrease the exposure area and increase 
the output power, giving a 20 μm pixel resolution on the powder bed with an optical power density 
of 2 W/cm2. More details of the LAPS process can be found in the reference provided [153]. 
 
Figure 5.2: Large Area Projection Sintering (LAPS) system which fuses entire 2D cross sections with 
a single quick exposure. A powder hopper then deposits powder before a counter rotating roller levels 
a new uniform layer for sintering. The thermal camera which monitors the process is not shown here 
for clarity. [153] 
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5.2.2 Harsh Environmental Testing 
All harsh environmental testing was performed in accordance to Military Standard (MIL 
STD) 883K, which is the department of defense standard for qualifying military electronics for 
reliable and repeatable operation [174]. Die shear testing was performed following the procedures 
of MIL STD 883K 2019.9 - Die Shear Strength with a hydraulic MTS 858 Table Top system with 
a die shear tool velocity of 1mm/min, illustrated in Figure 5.3. Evaluation of die shear strength is 
important for printed electronics as it indicates the bond strength of the die and substrate materials. 
Materials with high bond strength are adequate to adhere electronic or sensitive components to 
their substrate or encapsulate materials for protection. For shear testing, the transverse force was 
applied with a shear tool to the printed cylindrical dies. Prior to testing, microscope images were 
captured to provide the inner and outer diameters for cylindrical die area calculations and identified 
any surface defects before testing. Per MIL STD 883K 2019.9, the maximum force was recorded 
for each test and plotted against the measured die area to evaluate the pass or fail criteria cited in 
the MIL STD. 
 
Figure 5.3: Die shear test schematic, © ASME 2018. 
Temperature cycling of MIL STD 883K 1010.9 B Temperature Cycling determines the 
resistance of a part to extremes of alternating high and low temperatures in air chambers. The 
standard specifies temperature of the cold and hot air chambers be -55°C and 125°C respectively 
for condition B, a transfer time between chambers of less than 1 minute, a minimum of 10 cycles, 
and a minimum dwell time of 10 minutes. These temperatures represent the extreme temperatures 
laid out in the standard that may be encountered in field use. Figure 5.4a illustrates a single cycle 
Substrate 
Die 
Transverse 
Force 
Die shear tool  
Compliant interface 
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of the test starting with the cold chamber. In this work, the dwell time was extended to 15 minutes 
and the transfer time was ~20 seconds between air chambers. 
Thermal shock testing of MIL STD 883K 1011.9 A Thermal Shock determines the 
resistance of devices to sudden exposure of extreme temperatures with sharp temperature gradients 
and the effect of repeated exposures to these conditions. To induce thermal shock, the standard 
prescribes using a fluid bath. Condition A prescribes using water as the fluid medium and therefore 
establishes the temperatures of the cold and hot baths, 0°C and 100°C respectively with a tolerance 
of 2°C. The standard specifies the transfer time of less than 10 seconds, a minimum number of 15 
cycles, and a minimum dwell time of 2 minutes. Figure 5.4b illustrates a single cycle of the test 
starting with the cold bath. The set of devices were allowed to dwell in each bath for 2 minutes 
before transferring to the alternating bath in less than 10 seconds. 
 
Figure 5.4: (a) Temperature cycling between cold and hot air chambers of MIL STD 883K 1010.9 B 
and (b) thermal shock testing between cold and hot water baths of MIL STD 883K 1011.9 A, © ASME 
2018. 
Mechanical shock testing of MIL STD 883K 2002.5 F Mechanical Shock determines the 
suitability of devices which may be subjected to moderately severe accelerations due to a sudden 
change in motion or applied forces. The magnitude of these accelerations (test condition F requires 
20,000 G’s with a pulse duration of 0.2 ± 0.1 ms) test the resiliency of devices to prevent damage 
or disturbance of intended operation. Figure 5.5 and Figure 5.6a illustrate an in-house designed 
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pneumatic air cannon utilized to impart a repeatable mechanical shock to an individual device per 
test and is configured to apply accelerations of 20,400 ± 500 G’s and produced a pulse duration of 
0.14 ± 0.005 ms. The pneumatic cannon operates by charging the air pressure in the tank to 40 psi 
at which point a controller triggers a release valve and discharges a steel slug down the cannon 
barrel to impart the mechanical shock to the payload carriage. The payload (device under test) is 
mounted with an adapter to the payload carriage and a pneumatic brake attenuates the impact 
loading in a controlled manner without erratic oscillations. 
 
Figure 5.5: Isometric view of pneumatic cannon and (b) payload position, © ASME 2018. 
 
Figure 5.6: (a) Schematic of the pneumatic cannon, (b) shear forces acting when payload is oriented 
for shear, and (c) tensile forces acting when payload is oriented normal. Note: the die, conductive 
paste, and payload carriage labeled in (b) are the same in (c), © ASME 2018. 
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Each device type was tested in two separate test conditions, subjecting them to both shear 
and normal accelerations. Shear accelerations induce traverse forces to shear the die and/or 
conductive paste from the substrate, illustrated in Figure 5.6b. For normal accelerations, the die 
was positioned in an adapter facing the steel slug with a clearance hole to allow the substrate to be 
mounted flat against the payload carriage without die interference. The adapter allowed for 
clearance of the die but the conductive paste was in contact with the face of the adapter. Once the 
accelerations are initiated from the steel slug striking the payload’s carriage, Figure 5.6c illustrates 
the tensile forces induced on the conductive paste and die as the payload carriage is accelerating 
away from the air cannon barrel. 
5.3 Results 
5.3.1 Die Shear Testing 
Figure 5.7a indicates the dies fabricated by both methods exceed the requirements for die 
shear strengths. MB dies vastly surpass the failure criteria for die shear strength and Table 5.2/ 
Figure 5.7b further indicates that die shear strength is not a critical concern when exposed to harsh 
temperature environments. The die shear stresses are normalized by area and Table 5.2/ Figure 
5.7b show that the results have overlapping standard deviations between testing conditions, which 
signifies harsh temperature environments do not have a significant effect on die shear strength. 
Figure 5.7a and Table 5.2 also indicate the shear forces are significantly less for the LAPS devices; 
however, this is expected since the contact area is much less than the MB devices. Even with the 
reduced area, the LAPS devices still significantly exceed the die shear failure criteria of Figure 
5.7a. When taking contact area into account (Table 5.2/ Figure 5.7b), the LAPS devices actually 
show 40 – 60% higher die shear strength (Force/Area) except when subjected to thermal shock, in 
which case it is similar to the MB dies. Temperature cycling between air chambers of MIL STD 
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883K 1010.9 B doesn’t have a severe effect on die shear strength in any of the sample types. On 
the other hand, thermally shocking the LAPS devices in a fluid bath does show decreased die shear 
strength but still maintain a high performance level, similar to the MB die shear stress. 
 
Figure 5.7: (a) MIL STD 883K die shear failure criteria and (b) Die shear strength vs. contact surface 
area for device dies. Master Bond dies show little variation due to the environmental exposures, but 
LAPS samples are weakened by the thermal shock, © ASME 2018. 
We posit two possible mechanisms for the decreased resiliency of the LAPS die shear 
strength when thermally shocked. Nylon 12 is slightly hydrophilic and may be absorbing a small 
amount of water during submersion in the fluid bath, this could explain the decreased die shear 
performance. Even more likely is the coefficient of thermal expansion (CTE) mismatch between 
materials (Table 5.1). Nylon as a thermoplastic has a characteristically larger CTE than that of 
thermosetting materials like Kapton®, FR4, and epoxies. Large CTEs will cause the nylon to 
expand at a quicker rate than the substrate and may have micro-delamination sites that permit 
shearing at lower forces. 
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Table 5.2: Die shear test summary. 
Device Type 
# of 
Samples 
Area (mm2) 
Max Force 
(lbs) 
Shear Stress 
(MPa) 
MB-Kapton® 3 25.16 ± 2.76 78.77 ± 4.45 14.35 ± 2.07 
MB-Kapton® 
Temp. Cycled 
3 26.51 ± 0.57 84.50 ± 5.15 14.20 ± 1.15 
MB-Kapton® 
Thermal Shocked 
3 27.63 ± 0.59 99.27 ± 5.02 15.99 ± 0.90 
MB-FR4 4 23.40 ± 0.60 90.03 ± 5.86 17.13 ± 1.32 
MB-FR4  
Temp. Cycled 
4 21.49 ± 0.30 80.85 ± 1.84 16.74 ± 0.26 
MB-FR4  
Thermal Shocked 
3 21.90 ± 0.29 80.60 ± 7.33 16.44 ± 1.55 
LAPS-FR4 3 10.07 ± 0.74 53.84 ± 3.61 23.91 ± 2.47 
LAPS-FR4  
Temp. Cycled 
4 9.43 ± 0.32 52.76 ± 2.99 24.89 ± 1.33 
LAPS-FR4  
Thermal Shocked 
4 10.19 ± 0.37 36.40 ± 7.56 15.99 ± 3.74 
 
5.3.2 Thermal Cycling 
Table 5.3 reports the resistance changes during the LAPS process. This is likely related to 
the thermal history of the LAPS process in which the powder bed and substrate is preheated to 
~170ºC, well above the curing temperature of the CB028 paste (90ºC). This decreases the 
resistance of the already cured conductive circuit due to further curing of the conductive paste. 
Table 5.4 shows the resistance changes of the conductive circuits immediately before and after 
subjecting to harsh temperature environments. MB on Kapton® shows adequate resiliency to harsh 
temperature environments with resistance changes of only 0.5%. MB on FR4 decreases in 
resistance for both harsh temperature environments, which indicates a marginal curing effect and 
resilience to harsh environmental temperatures. 
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Table 5.3: Resistance changes during LAPS processing. 
Device Type # of Samples ΔR after testing (mΩ) ΔR (%) 
LAPS-FR4 10 -140 ± 98 -19 ± 7.34 
 
Table 5.4: Resistance changes when subjected to harsh environmental temperatures. 
Device Type # of Samples ΔR after testing (mΩ) ΔR (%) 
MB-Kapton® Temp. Cycled 3 8 ± 22 0.5 ± 1.4 
MB-Kapton® Thermal Shocked 3 -6 ± 15 -0.5 ± 1.2 
MB-FR4 Temp. Cycled 4 -9 ± 19 -0.6 ± 1.5 
MB-FR4 Thermal Shocked 4 -50 ± 30 -4 ± 0.6 
LAPS-FR4 Temp. Cycled 4 280 (3 of 4 OCa) 40 (3 of 4 OC) 
LAPS-FR4 Thermal Shocked 4 20 ± 11 5 ± 2 
aOC = open circuit created during testing 
Conversely, when the devices made with the LAPS process were temperature cycled, three 
of the four devices resulted in open circuits. For the LAPS devices, the air chamber temperature 
cycling ended with a cold exposure and left condensation on the devices whereas temperature 
cycling the MB devices ended on a hot cycle and did not leave any condensation. Condensation 
was removed with pressurized air several minutes after forming but not thought to be the leading 
mechanism creating open circuits even though Nylon has a tendency to absorb moisture since 
thermal shocking subjects the devices to fluid baths in much more extreme temperature 
environments without creating open circuits. The CTE mismatch between the Nylon and 
substrate/ink combination is likely playing a more significant role here. Nylon has a much larger 
CTE than the other materials and specifically ~ 6x than that of CB028 (Table 5.1), which creates 
significant interfacial stress that could damage the conductive paths and increase resistance. 
Repeated expansions and contractions from the thermal cycling regimes could also be fatiguing 
the CB028, which would allow damage to the conductive paths at a lower threshold than if only 
exposed to a single temperature change. The higher processing temperature during the LAPS 
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sintering may also have reduced the resiliency of the CB028 conductive path and could be allowing 
micro-cracks to form in the conductive paste to increase resistance. 
Table 5.5: Resistance changes due to mechanical shock. 
Device Type 
# of 
Samples 
Orientation 
ΔR after  
testing (mΩ) 
ΔR (%) 
MB-Kapton®  3 Shear 0 ± 8 0.0 ± 0.5 
MB-Kapton®  3 Normal -7 ± 26 -0.5 ± 2.1 
MB-FR4  4 Shear -5 ± 5 0.6 ± 0.6 
MB-FR4  4 Normal -20 ± 36 -0.5 ± 0.8 
LAPS-FR4 4 Shear 0 ± 8 0.3 ± 1.5 
LAPS-FR4  4 Normal 183 ± 98a 73 ± 30 
 
5.3.3 Mechanical Shock Testing 
The mechanical shock testing results in Table 5.5 indicate the MB devices are resilient to 
exposure to high G’s for all device types and orientations. The LAPS dies on FR4 substrates were 
resilient to mechanical shock in shear, but one of four samples delaminated while the other three 
samples experienced a significant increase in resistance when subject to acceleration normal to the 
substrate. This is likely related to the significantly smaller contact area between LAPS dies and 
substrate compared to the MB dies. A smaller contact area (~0.4x from the areas in Table 5.2) 
creates much higher tensile stresses than the MB dies. Increased tensile stresses may cause micro-
cracking in the conductive ink, causing the resistance to increase. LAPS and MB dies have a mass 
of 0.023 ± 0.0003 and 0.035 ± 0.0010 [grams], respectively, which is another important 
consideration in mechanical shock testing. The nylon LAPS dies have 0.66x the mass of the MB 
dies, which signifies the MB dies will experience greater forces for a given acceleration (F=m∙a). 
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However, since the area difference is more severe it is the dominating mechanism. Taking the ratio 
of the area and mass difference indicates the LAPS bridges will experience about 60% more stress. 
5.4 Conclusions 
Multi-material AM processes allow the fabrication of functional electronic devices. In this 
work, simple electronic devices were fabricated with AM machines with a conductive paste circuit 
and a ’die’ for potential electronics packaging. MB devices show adequate bond shear strength 
and resilience to both harsh environmental temperatures and high acceleration on both Kapton® 
and FR4 substrates. LAPS devices show enhanced geometric accuracy and increased bond shear 
strength when compared to the MB samples while also showing adequate resilience to thermal 
shock and high G loading in the shear direction. However, the Nylon 12 used in the LAPS process 
may become a concern when subjected to extreme temperature cycling and high accelerations 
when in a normal-tension loading orientation as some failure was seen in normal mechanical 
shocks and electrical changes (open circuits, resistance changes) were seen in temperature cycling. 
The CTE mismatch between the thermoplastic Nylon 12 causes greater interfacial stress upon 
heating than the rest of the thermosetting materials. This expansion may be inducing micro-cracks 
in the conductive paste to increase resistance. Water absorption may also be a contributing factor 
to compromise the resiliency during harsh environmental testing of the LAPS devices since Nylon 
12 has a tendency to absorb moisture. 
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CHAPTER 6  
A FUNDAMENTAL STUDY OF PRINTED INK RESILIENCY FOR HARSH 
MECHANICAL AND THERMAL ENVIRONMENTAL APPLICATIONS4 
6.1 Introduction 
Additive manufacturing (AM) is a disruptive technology with the ability to bypass many 
conventional manufacturing design constraints by fabricating components directly from digital 
designs [101, 131]. This permits geometric freedom and strips the need for part-specific tooling 
allowing mass customization of inexpensive components with less waste material [83, 103, 104]. 
Devices can also be printed on conformal surfaces within a single machine and require less labor 
intensive work thereby reducing overall lifecycle costs [157]. Other benefits of AM include quick 
modifications to components, repair in the field, and development of novel designs, to consolidate 
parts and reduce size and weight. Together, these AM capabilities will enable the development of 
future technologies through rapid prototyping and advanced manufacturing [157, 175-179]. 
Advances in materials and hybrid, multi-material AM processes allow printed functional 
electronics to emerge into new 3D application areas that were previously limited or unattainable 
by conventional manufacturing methods [180-187]. For example, thermoplastic extrusion and 
conductive ink micro-dispensing are being combined with other capabilities such as laser 
machining, pick and place, and milling to fabricate three-dimensional printed electronics. The 
ability to print electronics opens the possibility of “structural electronics” that introduce conformal 
 
4This article is © Elsevier Publishing and permission has been granted for this version to appear here 
(https://doi.org/10.1016/j.addma.2018.01.009). Elsevier does not grant permission for this article to be further 
copied/distributed or hosted elsewhere without the express permission from Elsevier Publishing. 
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electronic functionality not currently realized by more traditional, rigid manufacturing techniques 
[188, 189]. Printed electronic devices can transform physical supply chains and inventory to a 
digital realm in which raw materials are stocked and parts are produced on demand rather than 
storing finished products and spare parts. This is very valuable in a variety of industries including 
defense [156]. Some of the most recent demonstrations of printed electronics include: antennas, 
radio frequency identification (RFID) tags, sensors, smart cards, and packaging [35, 141-143]. For 
example, antennas with high performance (conformal geometry and high power/frequency) and 
quick customization (part-to-part) have already been demonstrated using a conductive ink 
deposition process [58, 190-195]. It is essential to establish methods for quality assessment before 
printed electronics are broadly accepted into defense sector and in other applications requiring 
mechanical and thermal resiliency [132, 166, 167]. Prior work shows printed thermoplastic may 
provide a protective package to encapsulate electronic components by evaluating hermeticity, 
layer adhesion (peel testing), and die shear strength of the printed thermoplastic [132]. However, 
little is known about the performance of conductive inks, especially when subjected to harsh 
environmental applications including high g accelerations and thermal cycling over temperature 
extremes. 
In this work, two commercially available silver micro-particle conductive inks from 
DuPont (CB028 and KA801) are investigated for response to high g acceleration and thermal 
cycling. Changes in resistance, adhesion, and RF performance when printed as a patch antenna are 
measured and compared. 
6.2 Methods 
Figure 6.1 summarizes the key variables for evaluating conductive inks under harsh 
mechanical and thermal conditions in this study. This process flow can readily be generalized 
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based upon the materials of interest, performance metrics, and testing conditions for different 
application areas. 
 
Figure 6.1: Process flow for understanding critical challenges in assessing conductive inks for harsh 
mechanical and thermal environmental applications, © Additive Manufacturing 2018. 
6.2.1 Substrate and Conductive Inks 
Polyether ether ketone (PEEK) was selected as the substrate material in this work due to 
its superior mechanical and thermal properties as well as radar transparency. PEEK is a high 
temperature, strong, hard, and tough thermoplastic [130] with a measured dielectric constant of 
3.1. PEEK sheets were purchased from McMaster-Carr (Part #: 8504K71). All substrates were a 
thickness of 1.59 mm (1/16”) and cut to widths of 50 mm and lengths of 30 or 50 mm depending 
on sample type. Two commercially available silver micro-particle conductive inks were purchased 
from DuPont (CB028 and KA801). The inks were micro-dispensed from an nScrypt SmartPumpTM 
within an nScrypt 3Dn Tabletop system. The printed ink dimensions were obtained with two 
different profilometers. A Wkyo NT9100 optical profilometer was used to obtain high resolution 
resistance line widths and thicknesses while a Veeco Dektak 150 contact stylus optical 
profilometer provided the widths and thicknesses of the larger adhesion and antenna samples. 
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Figure 6.2: As-printed conductive ink patterns for (a) resistance, (b) adhesion (c) ideal cross-hatch 
pattern for adhesion testing, and (d) patch antenna, © Additive Manufacturing 2018. 
6.2.2 Performance Metrics 
In this study, a minimum of 3 samples were fabricated for each samples type shown in 
Figure 6.2. The samples were evaluated for changes in: 1) resistance, 2) adhesion, and 3) 
transmission of RF signals. The different sample configurations designed as part of this study also 
serve as standard configurations for evaluating the effects of curing profile (temperature and time), 
ink-substrate adhesion and effect of surface treatments on ink-substrate adhesion. CB028 was 
cured at 180ºC for one hour and KA801 at 180ºC for three hours in order to reduce resistivity 
(increase conductivity) as a way to normalize the material properties. 
The DC resistance pattern (Figure 6.2a) is a serpentine resistor with an overall conductor 
length of 200 mm. Two point probing was utilized with 1 mm contact pads for ease of measurement 
since the goal was to measure resistance changes (ΔR). For consistency, the probes were placed at 
the intersection of the conductor pad and serpentine. Resistance measurements were recorded with 
a Fluke 8846A 6.5 digit precision multi-meter immediately before and after thermal cycling and 
high acceleration testing. A repeatability experiment showed a standard deviation of ±3 mΩ’s as 
measurement error. 
Figure 6.2b represents a 20 x 20 mm2 printed ink conductor patch for adhesion testing with 
thicknesses of 60µm and 30µm for CB028 and KA801, respectively. Adhesion testing was 
performed in accordance with ASTM F1842, which specifies a cross-hatch pattern with blade 
20 mm 
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37.5 mm 
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Cross-hatch pattern 
with 87% ink left 
(d) 
Patch antenna  
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spacing of 2 mm cut into the conductive ink [196]. A commercially available Gardco cutting tool 
was employed to cut the cross-hatch pattern [197]. Cognex VisionProTM image processing 
provided binary images of the cross-hatched adhesion patterns after scoring and calculated the 
percentage of ink remaining post-test as ‘white area’. The ideal amount of ink remaining was 
calculated as 87% ± 3% based on averaging cut line widths, shown in Figure 6.2c. The deviation 
arises from the coarseness of the test due to manually applied cutting pressure and cutting planarity. 
All adhesion testing was performed after thermal and high acceleration testing unless designated 
in the “as-printed” subset. 
Rectangular patch antennas of dimensions 20 x 18 mm2 with thicknesses of 60µm and 
30µm for CB028 and KA801, respectively were printed with conductive ink for testing antenna 
transmit/receive performance (Figure 6.2d). A feed-hole was offset from the center of the antenna 
by 3 mm in the vertical dimension. Antenna assembly consisted of attaching copper tape to the 
back of the antennas to serve as a ground plane, soldering a subminiature version A (SMA) 
connector to the ground plane at the feed location, and making an electrical connection between 
the SMA center conductor and the patch surface using conductive epoxy. Antennas that were not 
in the “as-printed” subset were assembled after each printed patch was subjected to harsh 
environmental testing. 
Antenna measurements were recorded in an anechoic chamber in the frequency range of 
3-5 GHz using an Anritsu 37397D vector network analyzer. For each experimental data 
acquisition, one transmit antenna and one receive antenna were mounted in the chamber separated 
by a distance of 0.61 m. The same “as-printed” antenna was used as the transmitter for all tests, 
whereas various antennas that had either been exposed to environmental testing or were “as-
printed” were swapped out as the receive antenna for the device under test. 
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6.2.3 Harsh Environmental Testing 
MIL STD 331C Test C6 Extreme Temperature criteria were adapted for thermal cycling in 
a TPS Tenney Environmental chamber with hot and cold soaks of +71ºC and -54ºC, respectively 
[198]. Soaking duration was reduced to four hours to perform the full thermal cycle within a 
normal work day. Figure 6.3a shows the modified thermal cycle. 
High acceleration testing was performed using a Very-High G (VHG) machine originally 
developed by the Naval Ordinance Laboratory. The VHG fires a pneumatic piston into a target 
anvil, delivering a mechanical shock for the devices mounted with an adaptor—diagramed in 
Figure 6.3b. A fixture was machined to prevent any movement of the samples once threaded into 
the adaptor and included clearance patterns so the conductive ink was not in direct contact with 
the fixture. Samples were oriented with the conductive ink facing towards the top of the machine 
so that all the forces were normal to the conductive ink. The target acceleration was 20,000 g’s but 
averaged to 21,150 ± 1,810 g’s with a pulse duration of 76.78 ± 3.94 µs for resistance and adhesion 
testing and 23,200 ± 2,340 g’s with a pulse duration of 83.84 ± 11.30 µs for antenna testing. 
 
Figure 6.3: (a) Thermal cycle profile and (b) diagram of very high g (VHG) machine, © Additive 
Manufacturing 2018. 
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6.3 Results 
6.3.1 Resistance Effects 
Resistance effects were measured on printed samples designed for resistivity testing as 
previously shown in Figure 6.2a. Table 6.1 shows the resultant properties of the ‘as printed’ 
conductive ink samples including dimensions, resistance and resistivity measurements under the 
specified curing conditions. Although an effort was made in this study to normalize the resistivity 
of the inks by increasing the curing time of the KA801 formulation to three hours, the CB028 
samples had a lower resultant resistivity (14 µΩ∙cm) after one hour compared to the KA801 sample 
(24 µΩ∙cm). Since the focus of this research is on the response of the inks to harsh mechanical and 
thermal environments, the curing profiles were held as a constant/confined to these specified 
conditions throughout the study. 
The inks displayed differences in dimensions although they were dispensed from the same 
diameter tip (175 OD/125 ID µm) and similar printing conditions. The cured CB028 ink lines were 
taller (15 µm) compared to the cured KA801 ink lines (5.7 µm). Further visual examination of the 
inks with scanning electron microscopy (SEM) in Figure 6.4a and Figure 6.4d reveal that KA801 
had larger particles (5-10 µm) compared to the particles in CB028 (1-5 µm). The lack of physical 
contact between particles can impede percolation of current flow and increase resistivity, which 
may be partially responsible for the higher resistivity of the KA801 ink. Additionally, there was 
an increased edge tapering of KA801 (Figure 6.4f) compared to CB028 (Figure 6.4c), which has 
been shown to increase the resistance of conductive inks [70, 133]. Therefore, characterizing the 
different resistivities, dimensions, particle sizes and edge tapering of the two different conductive 
inks printed onto PEEK substrates serves as a baseline prior to testing in harsh mechanical and 
thermal environments for comparison after exposure to harsh environments. 
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Table 6.1: Conductive ink properties (average ± standard deviation). 
Ink 
Cure 
Temp. 
(ºC) 
Cure  
Time 
(hrs.) 
 Line  
Widths 
(mm) 
Avg. Line 
Thickness 
(µm) 
Measured  
Resistance (Ω) 
Resistivity 
(µΩ∙cm) 
CB028 180 1 0.40 ± 0.01 14.99 ± 0.71 4.76 ± 0.42 14.19 ± 0.48 
KA801 180 3 0.38 ± 0.05 5.68 ± 0.40 22.46 ± 3.42 24.17 ± 1.22 
 
 
Figure 6.4: ‘As printed’ sample characterization for dimensions and particle size. (a) CB028 surface 
morphology, (b) CB028 cross-section, (c) CB028 3D optical profilometry profile, (d) KA801 surface 
morphology, (e) KA801 cross-section, (f) KA801 3D optical profilometry profile, © Additive 
Manufacturing 2018. 
Figure 6.5 plots changes in resistance immediately before and after thermal cycling (blue 
symbols), high acceleration impact (green symbols) and a combination of both (red symbols). Both 
inks display a decrease in resistance upon thermal cycling (Figure 6.5-left, blue open-
KA801/closed-CB028 diamonds). The resistance of CB028 decreases by 10 mΩ (Figure 6.5-left, 
solid blue diamond) and KA01 by 46 mΩ’s (Figure 6.5-left, open blue diamond). These values 
equate to a similar 0.20% decrease in resistance for both inks compared to their original resistance 
values (Figure 6.5-right, overlapping blue diamonds). The decrease in resistance for both inks is 
likely due to the 4 hour hot soak at +71ºC contributing to additional curing of the inks, which is 
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well known to be correlated with their resultant electrical properties. All of the reported values are 
well above the resistance repeatability error of ±3 mΩ’s (or 0.064% and 0.013% for CB028 and 
KA801, respectively) as previously mentioned in methods section. 
 
Figure 6.5: Average resistance changes (ΔR) plotted in mΩ’s (left) and percentage (right), © Additive 
Manufacturing 2018. 
Differences between the initial and resultant ink resistance, plotted as change in resistance 
(Figure 6.5, left plot, red and green symbols) and percent change in resistance (Figure 6.5, right 
plot, red and green symbols), were revealed upon exposure to accelerations up to 20,000 g’s and a 
combination of thermal cycling/high g acceleration. For CB028, there were negligible changes in 
resistance after high g acceleration (Figure 6.5 solid green squares) or a combination of high g 
acceleration/thermal cycling (Figure 6.5 solid red triangles) compared to initial measurements. 
However, there was an increase in resistance for KA801 samples subjected to high g acceleration 
(Figure 6.5 open green squares) and the combination of high g acceleration/thermal cycling (Figure 
6.5 open red triangles) compared to initial measurements. The KA801 samples experienced an 
average resistance change of +100 mΩ’s after the high g or combination of high g/thermal cycling 
(Figure 6.5 left plot open green and red symbols). Although the combination of high g and thermal 
cycling produces the greatest change in resistance, it may still be considered minimal at 0.50% 
change in resistance (Figure 6.5 right plot open green and red symbols). These values would need 
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to be evaluated in perspective of the application for relevance. Therefore, as part of this study, the 
inks are printed into functional patch antennas and further evaluated for RF performance. 
6.3.2 Adhesion Effects 
The adhesion quality of 20 x 20 mm2 square patches of the two different conductive inks 
(CB028 and KA801) printed onto PEEK substrates, as previously shown in Figure 6.2b, was 
examined. Briefly, the assessment relied upon scratching a cross-hatched pattern onto the printed 
patch and evaluating the amount of ink remaining (Figure 6.2b and Figure 6.2c). It can be visually 
deduced (and calculated) that the greater amount of white (ink remaining after testing), the greater 
adhesion of the ink to the substrate. As a reference, the ideal cross-hatch pattern (Figure 6.2c) has 
87% ink remaining and all following values will be in reference to this. The data for the two inks 
is graphically presented in Figure 6.6 as the average percentage of ink remaining after adhesion 
testing in the ‘as-printed’ (black symbols as reference) compared to after thermal cycling (blue 
symbols), after high g acceleration (green symbols) and after a combination of thermal 
cycling/high g (red symbols). The lower data plotted in Figure 6.6 (with open symbols) is for 
KA801, which displayed the greatest variability and amount of ink removed. In particular, the high 
g acceleration led to the greatest damage to the printed ink. In contrast, the CB028 ink displayed 
relatively constant ink adhesion despite thermal cycling, high g acceleration or a combination of 
the two. 
Binary images of the samples were generated (Figure 6.7) after adhesion testing a standard 
cross-hatch pattern to quantify the amount of ink remaining (white areas) compared to the amount 
of ink removed (black areas). It was observed that the ink primarily detaches at the intersections 
of the cross-hatch pattern in all of the samples. However, the CB028 ink/PEEK samples (Figure 
6.7 top row) remained intact after thermal cycling (Figure 6.7b) and high acceleration (Figure 6.7c) 
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conditions representative of harsh thermal/mechanical environments. Although the greatest 
damage could be seen at the cross hatch edges for the combined thermal cycling/high g (Figure 
6.7d), the adhesion of CB028 ink to the PEEK substrate shows minimal ink removal across all 
samples with values ranging from 83-85% retention of ink (Figure 6.7 top row). 
 
Figure 6.6: Ink remaining after adhesion testing, ideal adhesion 87% ink remaining, © Additive 
Manufacturing 2018. 
 
Figure 6.7: Example binary images of samples after adhesion testing: (a) CB028 as-printed, (b) 
CB028 thermal, (c) CB028 high g, (d) thermal then high g, (e) KA801 as-printed, (f) KA801 thermal, 
(g) KA801 high g, (h) KA801 thermal then high g, © Additive Manufacturing 2018. 
In contrast, the KA801 samples (Figure 6.7 bottom row) show significant ink removal 
when subject to harsh environmental conditions. The as-printed KA801 samples (Figure 6.7e) 
display good adhesion similar to the standard (87%). However, the samples subject to thermal 
cycling (Figure 6.7f) and high accelerations (Figure 6.7g) display an increased ink removal 
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compared to the as-printed samples (Figure 6.7e). High accelerations caused the adhesion patches 
of KA801 to have rippling delaminations that were visually observable immediately after testing. 
Since delamination was induced via high g impact prior to adhesion testing, the ink is easily 
chipped away as the blade used to scratch the samples is pulled across the ink patch. Therefore, 
the deteriorating effects of thermal cycling and high accelerations upon the adhesion between 
KA801 ink and the PEEK substrate are clearly evident (Figure 6.7f-h). 
The most likely explanation for the difference in adhesion between the two inks with PEEK 
is inherent differences in the ink formulations. These differences include different chemical 
compositions, particle size distributions, wt or vol% of particles, additives, etc., which in this study 
are proprietary. From the initial characterization performed, there could be some visual evidence 
for increased amount of matrix material, fewer, larger particles and thinner, more tapered test 
patches for KA801 inks resulting in samples less resilient to the damaging effects of thermal and 
high g impact. Although increasing the mass of a sample subjected to high g acceleration could 
result in greater force applied if acceleration is held constant (i.e. F=m∙a), the difference in mass 
between the two samples is negligible. It is unclear whether either ink has defects that can be 
characterized before/after the thermal, high g or combination testing. One type of defect to look 
for would be micro-cracks in the printed ink traces, which could explain an increase in resistance 
after exposure to high accelerations. 
6.3.3 RF Performance 
The RF performance of a 20 x 18 mm2 square patch antenna (Figure 6.2d) printed in the 
two different conductive inks (CB02 and KA801) onto PEEK substrates was investigated. Two 
figures of merit were extracted from the printed antenna chamber measurements: the system 
reflection and transmission coefficients. The reflection coefficient is measured at the terminal of 
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the transmitting antenna, and is given by the ratio between the amplitude of the signal reflected 
from the terminal to the amplitude of the signal incident on the terminal from the signal generator. 
These reflections are caused by differences in electrical impedance between the antenna and the 
signal generator and are undesirable as they decrease the proportion of the input power that the 
antenna radiates. The transmission coefficient is measured at the receive antenna’s terminal, and 
is defined as the ratio of received signal amplitude to the signal amplitude incident on the transmit 
antenna terminal. It is desired to maintain a low reflection coefficient and a high transmission 
coefficient at the antennas’ resonant frequency after environmental testing. Degradation in these 
metrics can be evidence of changes to antenna impedance due to damage, such as delamination of 
the conducting ink from the patch surface. 
The measured reflection and transmission coefficients are given in Figure 6.8. Example 
reflection coefficients are plotted as a function of frequency in Figure 6.8a and Figure 6.8b for 
CB028 and KA801, respectively. Also included in these plots is the reflection coefficient obtained 
by simulating the antenna design via the finite-difference time-domain (FD-TD) method. The 
simulated antenna resonant frequency was located at 3.92 GHz, whereas the experimentally 
measured resonant frequencies across all test cases that resulted in no obvious physical damage 
ranged from 3.94 to 4.04 GHz. These resonant frequency shifts of 0.02 to 0.12 are considered 
minor and the variation is likely due to human error in antenna assembly, but not any damage to 
the antenna. 
The reflection coefficients plotted for CB028 signify a good impedance match, with all 
values below -15 dB at resonance (Figure 6.8a). In contrast, the reflection coefficient curves for 
KA801 after high g and combined thermal and high g testing flatline at around 0 dB (Figure 6.8b), 
signifying a total loss of impedance match and therefore antenna failure. For the two failure cases 
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plotted in Figure 6.8b, physical damage to the antenna was obvious by visual inspection, as large 
sections of the conducting ink delaminated from the PEEK substrate. 
 
Figure 6.8: (a) Reflection coefficient: CB028, (b) reflection coefficient: KA801, (c) transmission 
coefficient: CB028, (d) transmission coefficient: KA801, (e) spread of reflection coefficient, and (f) 
spread of transmission coefficient, © Additive Manufacturing 2018. 
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The measured transmission coefficients for the same eight example cases are plotted in 
Figure 6.8c and Figure 6.8d. Antenna performance is once again consistent across test cases for 
the CB028 ink (Figure 6.8c), with a peak transmission coefficient of around -40 dB. For the KA801 
ink, antenna failure is once again apparent for the two high g cases, as the transmission coefficient 
has dropped by around 20 dB due to delaminated blotches of ink missing shifting antenna 
performance completely (Figure 6.8d). 
Figure 6.8e and Figure 6.8f show the reflection coefficient measured at the resonant 
frequency and the peak transmission coefficient, respectively, for all test cases. The data show that 
antenna performance is maintained for nearly all CB028 test cases, with the exception of a high 
reflection coefficient for one of the thermal cycling tests. This outcome may be a result of either 
damage from the thermal test or human error in assembly of the antenna. In contrast, the KA801 
results demonstrate far greater variability in performance. All of the high g and one of the thermal 
cycle tests cases demonstrate a degraded reflection coefficient, and three of the high g test cases 
demonstrate a significantly degraded transmission coefficient. Physical damage apparent visually 
in these cases included the aforementioned delamination of large sections of the patch antennas as 
well as rippling in the patch surface, which hinders and shifts antenna performance greatly. These 
results indicate the CB028 ink as prepared/printed into an RF antenna would allow more stable 
performance (i.e. less sensitive to environmental shocks) compared to the KA801 ink. Further, the 
primary metric of successful printed antenna performance may be predictable early on in the 
prototyping process through a correlation with ink-substrate adhesion quality. However, additional 
studies that hold more variables steady would need to be performed to truly rank the metrics of 
greatest importance to any specific applications. 
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6.4 Discussion 
To date, the majority of printed parts typically consist of single material sets (i.e. polymers 
or metals), which are not subjected to harsh mechanical or thermal environments. In this study, we 
sought to gain a fundamental understanding of how printed, functional multi-material samples 
behave before and after thermal cycling, high g acceleration and a combination of both of these 
extreme treatment conditions. The samples were digitally designed, printed and experimentally 
assessed for changes in resistance, adhesion and RF performance. 
We found that adhesion between the ink and substrate was a primary factor correlated with 
overall ‘resiliency’ of the printed configuration (i.e. serpentine or patch) to the harsh environmental 
conditions. Here we could define ‘resiliency’ as the ability of the ink to remain attached to the 
substrate and maintain functionality (i.e. minimal changes in resistance or RF signal transmission).  
To further elucidate the potential factors involved in ink ‘resiliency’, we compared two different 
commercially available conductive inks (CB028, KA801) printed onto a single type of substrate 
(i.e. PEEK). The characterization tools employed for the comparison included SEM, profilometry, 
binary image analysis, and RF performance. The ASTM F1842 standard grades adhesion 
performance based on a coarse visual inspection and the grading scale (0B – 5B) largely depends 
on human judgement to determine large differences in remaining ink. In this work, we calculated 
the percentage of remaining ink after adhesion testing the samples using an image processing tool. 
White represented the ink remaining in binary images of adhesion tested samples, which allowed 
a much finer evaluation of adhesion. Additionally, having a functional test for RF performance 
before and after exposure to harsh environmental conditions provided further evidence for the 
utility of certain formulations. 
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Overall, CB028 displayed better adhesion and minimal changes in resistivity compared to 
KA801 after exposure to harsh environmental conditions. So, we were able to rapidly select a more 
suitable ink candidate for a specific substrate and end application. In this case, micro-dispensed 
antennas are particularly well suited for the defense industry as hybrid digital manufacturing 
machines permit quick modification of antenna configuration. This means each antenna can be 
customized for a certain frequency spectrum to tailor its application. Currently, antenna 
manufacturing consists of a variety of manufacturing techniques including: injection molding, 
laser direct structuring, and heat staking, which limits the customization and speed at which a new 
antenna design can be fabricated. Hybrid digital manufacturing also allows novel antennas to be 
printed conformally and/or embedded beneath plastic extruded layers. This increases the flexibility 
in the form factor while also concealing and protecting the antennas from potential damage. Simple 
patch antennas fabricated with CB028 demonstrate feasibility for potential use in harsh 
environmental applications. 
However, due to the proprietary nature of the ink formulations, there is little initial upfront 
insight to predict which ink should perform better. Factors such as particle size, weight or volume 
percent of particles, matrix composition, additives and curing profiles are all anticipated to have 
an impact on ink electrical properties and ink-substrate adhesion. Further, changing the substrate 
material or introducing surface treatments could further alter adhesion and other properties related 
to resistivity, dielectric constant, etc. We also postulate that variations in design, surface 
roughness, ink height/tapering, UV exposure, moisture/corrosion and vibration will be further 
variables to consider. It is important to mention here that high g acceleration testing at levels from 
15,000 – 20,000 g’s did not produce visually observable delamination in either ink tested here. 
Rather, this range suggests a threshold where KA801 ink delamination from PEEK is a concern 
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once 20,000 g’s is breached. Additionally, the very high G (VHG) machine used in this work 
imparts relatively short mechanical impulses of ~80 µs. Many applications have a much longer 
pulse duration which decreases the rate of change for acceleration. Without such steep 
accelerations changes, it is likely that longer pulse durations would increase the threshold for 
failure for both inks. Therefore, as the severity of the application environment increases, the inks 
will require further testing to determine thresholds and failure mechanisms. 
6.5 Conclusions 
In summary, this work reports on conductive ink ‘resiliency’ under harsh environmental 
conditions, a quintessential step in realizing hybrid digital manufacturing as a viable and disruptive 
technology. Ultimately, the rapid screening of multi-material combinations for ‘resiliency’ is 
useful not only to those working on the most demanding defense applications, but is applicable to 
the broad AM community. It is envisioned that the configurations and procedures developed 
during these studies could contribute to rapidly generating experimental data on ink resistivity and 
adhesion quality to various substrates for populating materials databases that can aid in materials 
selection for functional printed electronics. 
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CHAPTER 7  
SCRATCH ADHESION TESTER (SAT) PROTOCOL FOR REPEATABLE SEMI-
QUANTITATIVE ADHESION MEASUREMENTS 
7.1 Introduction 
Resilient hybrid electronics (RHEs) exploit the integration of conductive inks in additive 
manufacturing (AM) processes with traditional materials and manufacturing processes to 
overcome existing design and performance constraints in device fabrication (i.e. 
embedded/conformal electronics). However, standards for qualification of multi-material AM 
systems are in the early stages of development [132, 166-168]. Further, the rapid assessment of 
RHEs require standardized protocols to determine if they are capable of meeting the demands of 
extreme environments commonly found in defense and industrial sectors. For example, we 
recently found that assessing the adhesion of printed conductive inks onto polymer substrates is 
prerequisite for ensuring the reliable performance of printed antennas under harsh conditions (i.e. 
mechanical shock and exposure to extreme temperatures) [168]. 
Adhesion denotes the strength of intermolecular bonding between joining materials [199]. 
Since AM deposits material for component construction, it is critical to maximize the adhesion 
when joining dissimilar materials. Adhesion can be measured either qualitatively or quantitatively 
[200]. Qualitative measurements including cross-hatch scratch testing or scotch tape can be quick 
and inexpensive, but the results can be open to interpretation [199]. Quantitative adhesion 
measurements on the other hand can provide a quantifiable indication of adhesion strength for 
comparison against other materials and/or application requirements [201], but usually also 
116 
introduce an adhesive to adhere a testing fixture that may alter the adhesive properties of the 
coating or film [199, 202]. An ideal adhesion test includes the following properties: be quantitative, 
reproducible, quick, adaptable to routine testing, relatively simple, independent of film thickness, 
independent of operator experience, and applicable to all film/substrate combinations [199, 200]. 
In this work, a standard protocol was developed for testing the adhesion of any thin coating 
(including conductive inks) by designing, printing, assembling, and testing a semi-automated 
cross-hatch scratch adhesion tester (SAT), Figure 7.1. In contrast to manual cross-hatch scratch 
testing for evaluating adhesion, which can yield high operator-to-operator variance, a semi-
automated method allows control of the depth, speed, and planarity of the scratch to improve the 
repeatability of adhesion testing. The SAT addresses all of the ideal adhesion test provisions 
besides being a truly quantitative measurement. However, when cross-hatch scratch testing is 
paired with image processing [168, 203], the adhesion measurement yields a semi-quantitative 
value that can be used for rapidly screening materials or comparison between material sets. 
Additionally, the SAT tool can be readily adapted into different motion controlled manufacturing 
systems─such as 3D printers─and is broadly applicable across the adhesion testing community. 
This work seeks to evaluate the effectiveness of utilizing the semi-automated SAT to 
improve the repeatability of manual cross-hatch scratch testing to nullify operator variance and 
experience. Another motivating factor is to provide a repeatable scratch method to understand if 
poor adhesion is due to a lack of adhesion itself instead of interpretation of manual scratching. 
7.2 Design 
The SAT (Figure 7.1) design incorporates an upper and lower component to allow the 
lower component to self-align by pivoting if necessary when contacting the substrate with the axle 
bearings. This allows for the lower SAT component to be normal to the scratch intended surface 
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in case the substrate is not perfectly level or on an inclined surface. The blade should puncture the 
substrate with enough depth to allow the axle bearings to fix the roller depth independent of applied 
force. They then act as rollers and allow a smooth and consistent translation for the scratch. The 
blade adjuster bolts (Figure 7.1) are utilized to fine tune the planarity of the blade for uniform 
scratch depth of the individual blade teeth. Tightening or loosening the blade adjuster bolts will 
adjust the blade by contacting the corner of the blade at ~145º through the channels in the lower 
SAT (the channels can be seen in the CAD drawing in the appendix). 
 
Figure 7.1: Diagram of scratch adhesion tester (SAT) assembly. 
To achieve repeatable measurements between either operator or labs with different SATs, 
they will first need to be calibrated by scratching and adjusting the blade with the blade adjuster 
bolts to equivalent scratch depths or widths depending on which is easier to measure with available 
equipment. In this work we performed the calibration process by iteratively scratching a coating, 
adjusting the blades for planarity, and measuring the scratch widths for each blade tooth. The 
scratch widths were measured with image processing tools and adjusted until uniform widths were 
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achieved for the individual blade teeth. Scratch widths or depths can also be found with other 
equipment with high enough resolution to render calibration measurements, for instance, optical 
profilometry. The specific scratch depths and resulting widths will be material specific as the depth 
needs to be large enough to penetrate through the entire coating and into the substrate while also 
permitting the axle bearings to contact the substrate for smooth translation while scratching. If a 
variety of coatings are examined with uniform thickness, the scratch depth will be uniform as well 
if the blade is allowed to penetrate the substrate to the point of contacting the axle bearings/rollers. 
An adjustable blade also permits a variety of coatings to be tested since the depth of scratch 
can be increased or decreased depending on coating thickness. After fine tuning the planarity and 
depth of scratch for uniform scratching with preliminary testing, the SAT provides a quick and 
inexpensive adhesion testing device that reduces the deviations due to manual scratching and can 
be compared across labs. Even finer analysis of adhesion can be compared if the SAT is paired 
with image processing to output binary images of the cross-hatch scratch. 
In this work, the SAT components were manufactured using stereolithography (SLA). SLA 
suits the SAT components well for resolution, designed curved surfaces, and holes aligned in 
different directions. Any other supported AM process should also be successful. The blade adjuster 
bolt and shoulder bolt holes are undersized with the intent to be drilled afterwards to be exactly 
the designed diameter for higher accuracy once the threads are tapped. Also, the SAT has holes 
designed on the back of the upper component (depicted in the CAD drawing in Figure 7.4 of the 
appendix) to attach a dovetail mount for retrofitting into an nScrypt system; alternatively, holes 
can be drilled and tapped on the back of the upper SAT to be mounted to any motion control 
system. 
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7.3 Materials and Methods 
Acrylonitrile-butadiene-styrene (ABS) substrates were machined to 40 x 40 mm2 with a 3 
mm radius fillet on each corner of the square substrate from a 12 x 12 x 1/16 inch3 sheet purchased 
from McMaster-Carr, Part #: 8586K151. Krylon Fusion (for plastic) Satin White Spray Paint was 
selected as the coating in this work. The Krylon spray paint was used as an inexpensive coating to 
preliminary test and compare against manual cross-hatch scratch testing on ABS substrates for 
repeatability analysis. The Krylon spray paint showed excellent adhesion, which is necessary to 
fine tune the blade of the SAT as the scratches need to be repeatable between samples. The spray 
paint was dispensed to a thickness of ~50 µm within an area of 20 x 20 mm2 in the center of the 
ABS substrates that was outlined with tape to only spray the 20 x 20 mm2 area. The number of 
spray paint passes and traverse speed was held as constant as possible for a manual painting process 
and done in large batches to mitigate thickness variation. 
7.3.1 Testing Procedures 
1. Position sample flat and fixed to a stage with at least 1D motion. To adhere the sample to 
the stage, double sided tape works well or we use a printed fixture that our sample press-
fits into for repeatable positioning and quick and easy sample removal. The printed fixture 
has a pocket with 1/16” tall walls that has dimensions a couple hundred microns larger than 
the ABS substrates to constrain the ABS substrate from moving while running the rest of 
the test procedures. 
2. Position SAT (mount if not already) where the blade is a few millimeters ahead of the film 
or coating to be scratched. 
3. Run SAT script (pseudo code in appendix) 
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a. Lower to scratch position with enough contact pressure for desired scratch depth 
(needs to be determined in the initial installation and fine tuning of the scratch). In 
this work, 95 psi was supplied to the pneumatic cylinder in the nScrypt when 
actuating the SAT. 
b. Scratch with 25 mm of translation or whatever distance that will scratch through 
entire film or coating with a suitable velocity. We chose 2.5 mm/s from preliminary 
testing. 
c. Lift SAT. 
d. Reset to starting position. 
4. Rotate sample 90º clockwise. 
5. Run SAT script. 
6. Remove sample. 
a. Cross-hatch SAT testing complete.  
b. Inspect with microscope and/or pair with image processing for analysis. 
7. Repeat steps 1-6 for more samples. 
For this work the SAT is mounted and actuated in the nScrypt system with 95 psi supplied 
to the pneumatic cylinder, which induces 7.4 lbs to the blade or 0.93 lbs/tooth. After fine-tuning 
in the iterative calibration procedures of scratching, imaging/measuring, adjusting; each scratch 
width from the multi-tooth blade was 150 ± 8 µm in an initial repeatability study. Cognex 
VisionProTM image processing provided binary image analysis of the cross-hatched adhesion 
patterns after scratching and calculated the scratch widths and percentage of ink remaining post-
test as white area or ‘% W’. The appendix includes the assembly, installation, hardware, pseudo 
code, and CAD drawings for the SAT. 
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To compare the effectiveness of the SAT vs. manual cross-hatch scratch testing, five 
different operators were each given an ABS/Krylon spray paint sample, the manual cross-hatch 
scratch testing tool from Gardco Inc. [197], and instructions from ASTM F1842 for Determining 
Ink or Coating Adhesion…[196]. Prior to manual cross-hatch scratching the ABS/Krylon paint 
sample, the operators were asked to practice cross-hatch scratching a spare ABS substrate three 
separate times to get a feel for manually scratching. Further practice was not requested as operator 
variance is a variable in this study. 
7.4 Results 
Figure 7.2 depicts the manual scratches between the five different operators, which show 
a wide range of the Krylon spray paint remaining, 85.84% W to 92.65% W, with an average and 
standard deviation of 92.05 ± 1.95%. The manual scratches have a relatively high degree of 
variance due to inconsistent pressure from not maintaining constant pressure throughout the 
scratch (Figure 7.2 - manual 1 and 2), non-uniform pressure with a non-level blade resulting in 
deeper scratches on one edge than the other (Figure 7.2 - manual 3 and 4), and misaligned scratches 
(Figure 7.2 - all except manual 3). These inconsistencies emphasize the challenges of manual 
scratching as operator experience becomes valuable, but the variance will still exist even if 
mitigated. 
Conversely, the SAT scratches in Figure 7.3 show much more uniform scratching with an 
average of 87.70 ± 0.56% white remaining. This results in ~4x smaller deviations for SAT testing 
and allows finer differences in scratch testing to be detected. Adhesion measurements with a SAT 
also nullify the value of operator experience as once initial calibration is completed, all operators 
will achieve equivalent results with the semi-automated device. The utilization of a semi-
automated SAT also provides a tool that bypasses the interpretation aspect of manual scratching 
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and the results are more purely indicative of the adhesion without questioning if poor adhesion is 
due to a lack of adhesion or lack of quality manual scratching. Therefore the SAT provides a 
valuable tool for finer comparison of cross-hatch scratch testing by controlling the depth, speed, 
pressure, and planarity with a semi-quantitative adhesion measurement. 
 
Figure 7.2: Manual cross-hatch scratches with five different operators. Note the non-uniform 
scratches from inconsistent pressure and other manual defects. Average white remaining after 
scratching 92.05 ± 1.95%. 
 
Figure 7.3: SAT cross-hatch scratches. Note the repeatability in the scratches. Average white 
remaining after scratching 87.70 ± 0.56%. 
7.5 Conclusions 
Qualitative adhesion measurements like manual cross-hatch scratch testing and scotch tape 
testing can be advantageous for quick and inexpensive adhesion testing, but also include 
uncontrolled variables that make repeatable testing a challenge. Uncontrolled variables include 
speed, pressure, planarity, and depth; which may all vary between tests and even more likely 
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between operators. This makes comparing adhesion a coarse indication and finer analysis between 
materials and labs may be prohibited. This work shows that the variance between cross-hatch 
scratch testing can be reduced by a factor of ~4x with the design, printing, and testing of a semi-
automated cross-hatch scratch testing tool, coined scratch adhesion tester (SAT). The SAT 
provides uniform scratches that overcome manual scratching inconsistencies like non-uniform 
scratches and stop/start scratches by controlling the speed, planarity, and depth of the scratch. The 
semi-automated SAT nullifies operator variance and provides finer analysis for comparisons 
between materials and labs. Repeatable SAT testing also bypasses the interpretation aspect of 
qualitative adhesion measurements as the material removed due to scratching is from a lack of 
adhesion and not from inexperience with manual scratching. The combination of image processing 
with cross-hatch scratch testing also provides an effective method for semi-quantitative adhesion 
measurements. 
7.6 Appendix 
7.6.1 Assembly 
1. Print upper and lower SAT components, we chose SLA for high resolution and accurate 
holes that vary in direction (for tapping threads later). Have .STL files. 
2. Remove all supports, burrs, etc. from upper and lower SAT components. 
a. Ensure back of upper SAT is level (file if not level) 
3. Drill and tap threads. 
a. Blade adjuster bolts (2): #44 0.086” drill bit and 4-40 tap for threads in lower SAT. 
i. The allen head bolts need to be tapered at the end with a file. 
b. Axle shoulder bolts (2): #2 0.221” drill bit for insert in lower SAT. 
c. Blade set screw (1): #36 0.106” drill bit and 6-32 tap for threads in lower SAT. 
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d. Pivot shoulder bolt (1): #13 0.185” drill bit in upper SAT. 
e. Dovetail dowel mount screws (2): #44 0.086” drill bit and 4-40 tap for threads in 
upper SAT. 
f. Dovetail alignment dowels (2): #31 0.120” drill bit. 
i. Other size holes and threads will need to drilled/tapped on the backside of 
the upper SAT if mounted with a different dovetail then the one nScrypt 
provided. 
4. Assemble lower SAT. 
a. Insert blade into lower SAT. Make sure to insert blade first, otherwise the axle 
shoulder bolt inserts will induce additional pressure on the blade slot. 
b. Thread in blade adjuster bolts just until contact is made with the corners of the 
blade. 
c. Thread in set screw in the vicinity of the blade (does not need to be tightened until 
the blade is fine tuned for scratch depth and planarity). 
d. Insert the axle shoulder bolt inserts. Inserts will need to be lightly hammered in 
each side to firmly seat them. 
e. Thread axle shoulder bolts into the inserts with a bearing and washer for each side. 
f. Press in the pivot bearings by clamping with pliers. 
5. Attach the upper and lower SAT components with the pivot shoulder bolt, lock washer, 
and nut. 
6. Coarsely adjust the blade with the adjuster screws by scratching a surface. 
7. Mount dovetail or other mounting adapter to upper component. 
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7.6.2 Installation 
 If mounted with an nScrypt dovetail, slide into an open slot, will likely need to be actuated 
before mounting the SAT. 
 Fine tune for uniform and planar scratching by iteratively scratching a surface/coating and 
adjusting the blade adjuster bolts. The blade set screw and blade adjuster nuts need to be 
loosened before the blade adjuster bolts can be adjusted. 
o After tightening or loosening an adjuster bolt, the blade may need to be ‘pushed’ 
back in since the adjuster bolt may move the entire blade slightly instead of just the 
corner. 
7.6.3 Hardware 
 Upper SAT (1) 
 Lower SAT (1) 
 nScrypt dovetail mount (1) (or other mounting adapter) 
 Gardco PA-2056 2.0 mm blade (1) 
 Brass flanged screw to expand inserts (2) 
o McMaster Part #: 94615A114 
 18-8 SS shoulder screw, 3/16” diameter 1/4” length, 8-32 thread (2) 
o McMaster Part #: 90298A213 
 18-8 SS shoulder screw, 3/16” diameter 3/4” length, 8-32 thread (1) 
o McMaster Part #: 90298A215 
 Ball bearing, shielded, R3-2Z for 3/16” shaft diameter (4) 
o McMaster Part #: 60355K42 
 #10 washers (2) 
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 #10 lock washer (1) 
 8-32 nut (1) 
 4-40, 5/8” length allen head bolts (2) 
 4-40 nuts (2): for 4-40 bolts 
 6-32, 1/4” length set screw (1) 
 4-40, 1/4” length countersunk screws for dovetail (2) 
7.6.4 SAT Script Pseudo Code 
1. Establish origin of adhesion sample. 
2. Set a starting position by offsetting to initialize scratch before contacting ink/coating. 
a. We offset by 13 mm. 
3. Extend pneumatic cylinder (actuate) SAT. 
a. We actuate with 95 psi which induces 7.4 lbs to the blade (0.93 lbs/tooth). 
4. Lower SAT enough to compress the cylinder in the nScrypt system. 
a. We set the value to lower 90 mm. 
5. Prescribe a scratching translation with constant velocity. 
a. We scratch for 25 mm to translate through the entire sample at once at 2.5 mm/s. 
6. Lift SAT. 
7. Reset to starting position. 
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7.6.5 CAD Drawings 
 
Figure 7.4: CAD drawing of upper SAT, 1:1 scale, units: millimeters. 
 
Figure 7.5: CAD drawing of lower SAT, 1:1 scale, units: millimeters.  
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CHAPTER 8  
THE COMPARISON OF SCRATCH AND SHEAR TESTING FOR EVALUATING 
ADHESIVE FAILURE MODE OF CONDUCTIVE INKS ON POLYMER SUBSTRATES 
8.1 Introduction 
The additive manufacturing (AM) of single material systems (i.e. polymers, metals) has 
matured in understanding to the point of low volume manufacturing [24, 25, 27, 28]. The more 
complex integration, or hybridization, of traditional and AM materials into multi-material 
functional electronics is also a growing community. For example, an innovative institute dedicated 
to manufacturing flexible hybrid electronics, NextFlex, was established in 2015 [204]. The central 
goal of NextFlex resides in ushering in an era of “electronics on everything”, which coincides with 
having printed electronics as ubiquitous as the smart phone to advance the efficiency of ever 
evolving modern technology [204]. 
However, it is recognized that there are many challenges to overcome before printed 
electronics become as common as the smart phone and particularly for applications in defense and 
other demanding sectors [157]. For instance, some challenges include part testing and qualification 
while also understanding resultant electronic performance to maintain functionality in various 
harsh environments [156]. Further, transitioning the developments gleaned from 2D materials 
research to true 3D surfaces (i.e. conformal or embedded functional electronics including antennas, 
sensors, circuitry, etc.) will require additional expertise. We recently demonstrated the design and 
testing of a robust 3D printed planar patch antenna that was survivable under harsh environmental 
conditions [168]. In this study, we found a correlation between adhesion and RF performance 
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under extreme environmental loads. When applying accelerations up to 20,000 g’s and thermal 
cycling between 70 and -55ºC RF performance was compromised if adhesion was not adequate 
[168]. 
The current work details the development of a protocol for shear testing multi-material AM 
samples representative of printed functional electronics (i.e. antennas, circuits, etc.), which edges 
towards packaging/part testing and qualification challenges of printed electronics. Single lap shear 
testing of printed electronic conductive inks enables a quantitative measurement of the nominal 
shear strength of conductive inks while also indicating the adhesive failure mode for various 
substrates. This is advantageous over qualitative adhesion measurements like scotch tape testing 
and/or cross-hatch scratch testing as these only provide course adhesion indications and can’t be 
used to compare materials very effectively since there is a fair amount of operator sensitivity 
(pressure, speed, planarity, etc.) [92, 94, 95]. However, quantitative measurements like shear or 
tensile pull testing often introduce an adhesive to attach the shear substrate or pull-pin dolly that 
has the potential to alter the properties of the conductive ink or coating [199]. Therefore, it is 
critical to evaluate the influence the adhesive may have on the results of the quantitative adhesion 
measurement. 
This work demonstrates a single-lap shear system suitable for testing printed electronic 
inks and applies it to elucidate the failure mode and impact of surface treatments including: plasma, 
flame, and sand-blasting have on shear stress induced failure of conductive inks. These surface 
treatments have shown to increase the shear bond strength and alter the adhesive failure mode of 
dental cements and other coatings [88, 89, 91, 96, 97, 100]. Figure 8.1 depicts the failure modes 
considered in this work for single lap shear tests and include: 1) adhesive de-bonding between the 
polymer substrate and ink, this failure mode indicates weak bonding of the coating and generally 
130 
least preferred, 2) cohesive where the conductive ink adheres strongly to the substrate and failure 
occurs due to internal ink separation; often times the preferred failure mode as a strong bond of 
the coating is evident, 3) a mixed mode consisting of both cohesive and adhesive failure modes, 
and 4) substrate failure in which the bond of the coating is stronger than the fracture strength of 
the substrate. In order to make the protocol readily accessible for replication in other laboratories, 
we used the common polymer ABS as the substrate material and a commercially available silver 
conductive ink, CB028, by DuPont. These findings will indicate how surface treatments can 
impact the interfacial strength and adhesive failure modes of conductive inks in order to increase 
the resilience to survive harsh environments for functional printed electronic systems. 
 
Figure 8.1: Adhesive failure modes with single lap shear tests. Note the adhesive layer shows the 
adhesive has the purpose of attaching the coating or thin film (CB028 in this work but can be another 
coating in different works) to the bottom substrate. 
8.2 Motivation 
The goal of this work is to find a quantitative measurement of adhesion for conductive inks 
in printed electronics systems. This was stimulated by observations that cross-hatch scratch testing 
conductive inks is not aggressive enough to render differences in adhesion when depositing 
DuPont CB028 on ABS substrates while varying the surface treatment. A semi-automated device, 
coined scratch adhesion tester (SAT from Chapter 7 in this dissertation), was utilized to cross-
hatch scratch ABS-CB028 samples while varying the surface treatments including: sand-blasting 
and flame in a reproducible fashion (more details on the surface treatments in the following 
Adhesive Failure 
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Layer Coating or 
thin film 
Cohesive Failure 
Mixed Failure Substrate Failure 
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sections). After cross-hatch SAT testing, binary images were captured to extract a value of the ink 
remaining after scratching as the percentage white in the binary images for comparison of adhesion 
for the various surface treatments. Further details on the SAT device can be found in Chapter 7 of 
this dissertation. 
Table 8.1 and Figure 8.2 - Figure 8.4 show the amount of ink remaining as white in the 
binary images and the binary images of the cross-hatch scratch tests, respectively. Note Table 8.1 
and Figure 8.2 - Figure 8.4 show very similar results regardless of the surface treatment. Therefore 
a measurable difference in adhesion was not found and a more aggressive adhesion measurement 
was investigated to yield purely quantitative results and show differences when applying surface 
treatments: single lap shear testing. 
Single lap shear testing provides a quantitative adhesion measurement that can be used to 
compare materials, the effect of surface treatments, the nominal interfacial shear strength value, 
and evaluation against application requirements. Qualitative adhesion measurements cannot meet 
these requirements. Single lap shear testing also provides a conducive method to test the adhesion 
of conductive inks without changing the processing conditions. For instance, the ink is deposited 
onto a substrate and then cured in a similar fashion as real processing conditions. Furthermore, the 
use of ink is limited and these methods can be applied to a variety of material combinations. 
Table 8.1: Ink remaining after SAT testing with varying surface treatments on ABS. 
Surface Treatment 
Average ink remaining  
(white in binary images) 
Standard Deviation 
Untreated 86.95% 0.38% 
Sand-blasted 85.88 0.23% 
Flame 87.13 0.76% 
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Figure 8.2: Untreated ABS with cross-hatch scratch tested CB028 utilizing a semi-automated scratch 
adhesion tester (SAT). Note the uniformity in the cross-hatch scratches and adequate adhesion is 
evident. 
 
Figure 8.3: Sand-blasted ABS with cross-hatch scratch tested CB028 utilizing a semi-automated 
scratch adhesion tester (SAT). Note the uniformity in the cross-hatch scratches and adequate 
adhesion is evident. 
 
Figure 8.4: Flame treated ABS with cross-hatch scratch tested CB028 utilizing a semi-automated 
scratch adhesion tester (SAT). Note the uniformity in the cross-hatch scratches and adequate 
adhesion is evident. 
8.3 Materials and Methods 
Acrylonitrile-butadiene-styrene (ABS) was utilized as the substrate material in this work 
and laser cut from 12 x 12 x 1/16 inch sheets purchased from McMaster-Carr, part #: 8586K151. 
The ABS single lap shear samples were laser cut to nominal dimensions of 50.55 x 12.45 x 1.59 
mm (1.99 x 0.49 x 1/16 inches). After sample cutting, the ABS substrates were de-burred and the 
thickness was measured to ensure no burr or built up edge was present before further processing. 
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Following de-burring, all samples were sonicated at 20 kHz for eight minutes in 60 mL IPA and 
40 mL DI water. Also, all substrates were IPA kim-wiped one hour prior to sample fabrication or 
surface treatment. DuPont CB028 silver conductive ink was utilized in this work, which was mixed 
in a Thinky ARE-310 planetary centrifugal mixer for at least four minutes and 1000 RPM prior to 
all sample fabrication subsets. CB028 was cured for 1 hour at 80ºC. 
Two adhesives were utilized in this work to adhere the cured conductive ink to the ABS 
substrate on the opposite interface as depicted in Figure 8.1 (more details in the single lab shear 
fabrication procedures below). The first was Pelco epoxy, which is a two-part epoxy and mixed 
with a 2:1 ratio of resin (product #813-502) to hardener (product #813-515). After mixing by hand 
for one minute, the epoxy was de-gassed in a vacuum chamber for 15 minutes, which visually 
eliminated any bubbles in the mixture. The epoxy cured at room temperature (23ºC) for 24 hours 
after being applied in the fabrication procedures. The other adhesive was Bazic superglue. The 
superglue only needed a few minutes to set but 24 hours was allowed to pass before any testing 
was performed, just as the Pelco epoxy samples. 
8.3.1 Single Lap Shear Fabrication 
Single lap shear (SLS) testing was performed in accordance to ASTM D 3163 [205] in 
which the scope of the test provides comparative shear strength data for joints made by a number 
of plastics and can also provide a means to compare the surface treatments of the plastics. The 
testing procedures call for placing the samples in the testing machine so that the applied load 
coincides with the long axis of the test specimen, as shown in Figure 8.5. Out of plane rotation 
during shear testing was mitigated by aligning the shear force through the center of the overlap 
shear samples by using 1/16 inch spacers on each side of the gripping area for the samples. Figure 
8.5 shows the diagram of the testing procedures with the spacers to align the force concentrically 
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as the top testing grip moves vertically. Single lap shear samples were scaled from adherend length 
of 100 mm (4”) and width of 25.4 mm (1”) to a length of 50.55 mm (1.99”) and width of 12.45 
mm (0.49”) in to reduce material usage but otherwise the procedures were followed per the ASTM 
standard. An MTS 858 Tabletop system was used for shear testing the samples with a loading rate 
of 1 mm/min. 
 
Figure 8.5: Diagram of single lap shear testing with spacers the same thickness as the single lap shear 
substrates to align the force concentrically as the upper testing grip moves vertically to induce shear 
failure of the sample. 
Figure 8.6 shows a machined fixture that was designed to process five multi-material shear 
test samples with features including: (1) slots with a width of 0.5 inch for a tight fit of the ABS 
substrates to maintain alignment and prevent rotation around the z-axis and translation in the x-
direction while the adhesive was curing, (2) a 0.5 inch overlap for the samples, (3) a machined 
step, which permits clearance for the desired thickness of the spread conductive ink and adhesive 
layer, (4) slots on the top and bottom of the fixture to allow the strips to be squared up against a 
straight edge and prevent motion in the y-direction, and (5) the top ABS substrate protrudes the 
top surface of the fixture by 100 microns to allow for a plate or weight to apply uniform pressure 
while curing. The step is short enough that the overlap joint does not contact the edge of the step 
in order to prevent the uncured ink from contacting the edge of the step. 
Concentric force 
Overlap joint 
Testing grip 
Spacer to align 
force concentrically 
Single lap  
shear sample 
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Figure 8.6: Designed machined fixture for repeatable fabrication of single lap shear samples. The 
slots in the fixture prevent the ABS substrates from rotating for proper alignment while the design 
step offsets the top substrate for a designed thickness of the ink/adhesive. Each feature described in 
text is matched with the corresponding feature number in the figure. 
Single lap shear samples were fabricated by using a simple spreading system that used a 
blade to spread CB028 at a thickness of 50 µm on one end of the ABS substrate repeatedly (Step 
1 in the fabrication steps in Figure 8.7). A thickness of 50 µm was chosen for CB028 as it is within 
the range of printed electronic thicknesses with direct write nozzle dispensing methods. The 50 
µm clearance between the blade and ABS substrate was achieved by using a 50 µm shim and 
adjusting the height of a micro-positioning platform with fine z-axis movement that the ABS 
substrate was attached to until the 50 µm clearance was met with the shim. The micro-positioning 
platform was fixed to a translating stage, which was programmed to spread 12.7 mm of CB028 at 
a velocity of 1.67 mm/s. Once the CB028 was spread, the CB028 was cured at 80ºC for one hour. 
The following list summarizes procedures for the complete fabrication of the single lap shear 
samples: 
1. Spread the CB028 onto an ABS substrate with the spreading mechanism and 50 µm of 
clearance (Step 1 in Figure 8.7). 
2. Cure the ink at 80ºC for one hour. 
(a) (b) 
Machined slots 
for alignment (1) 
x 
y 
Designed step (3) 
Spread material 
Prevented 
rotation 
Overlap joint (2) 
Machined slots for 
squaring substrates 
(top and bottom - 4) 
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3. The adhesive is spread with the same parameters as the CB028 but on a free ABS substrate 
and 75 µm of clearance to ensure there is enough adhesive when mating the CB028 and 
adhesive (Step 3 in Figure 8.7). 
4. The substrate with the spread adhesive layer is placed into the bottom well of the machined 
fixture from Figure 8.6. 
5. The substrate with the cured CB028 is mated with the adhesive layer substrate in the 
machined fixture, which allows aligned and repeatable fabrication (Step 5 in Figure 8.7). 
6. Repeat steps 3 – 5 four additional times to fabricate 5 samples, which is the capacity of the 
machined fixture. 
7. Place weight on the top substrates to apply uniform pressure and to compress the 75 µm of 
adhesive to the designed thickness of 50 µm for uniform coverage while curing of the 
adhesive transpires. 
a. Note: The superglue samples were fabricated individually instead of in a set of 5 
like above since the superglue set within a couple minutes. 
8. Test the single lap shear samples in the tensile tester 24 hours after fabrication. 
 
Figure 8.7: Key steps in single lap shear fabrication. 
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8.4 Surface Treatments 
The surface treatments selected for this work are captured below. All of the ABS substrates 
were sonicated for eight minutes in IPA after laser cutting and de-burring as well as wiped with an 
IPA soaked kim-wipe one hour prior to the respective treatment. The IPA wipe one hour before 
treatment, measurements, or ink deposition was the standard for all samples and considered 
‘untreated’ if no further surface treatment was performed. The sand-blasted samples were again 
sonicated for eight minutes after blasting to remove any debris. For flame and plasma treatment, 
30 minutes was allowed to elapse prior to contact angle measurement or ink deposition and always 
held as a constant timeframe. 
 Untreated: no treatment other than IPA kim-wiped one hour prior to fabrication. 
 Sand-blasted: 50/60 grit, 120 psi, 2 inches from blaster to substrate, exposure time ~ 10 
seconds. After blasting, the sand-blasted substrates were sonicated at 20 kHz in the 60 mL 
IPA and 40 mL DI water solution for an additional eight minutes. 
 Flame: Dremel micro-pen torch on the lowest setting mounted in a 3D motion system. The 
treating distance and traverse speed were varied to optimize the treatment ABS, further 
details in the contact angle measurement section. 
 O2 Plasma: Five minute O2 exposure in a Plasma Etch PE-50 system. 
Chemical treatments of plasma and flame treatment were selected as they have potential to 
be integrated into a multi-tool hybrid AM machine. The flame pen in this work was mounted into 
a 3D motion control system and demonstrates the potential integration of an in line process surface 
treating tool for AM. Plasma pens are also available and could be mounted in a similar fashion. 
Sand-blasting is the least attractive for AM since it would be difficult or very messy to integrate 
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into a multi-tooled AM machine; however, the mechanical treatment was still pursued for 
comparison. 
8.4.1 Contact Angle Measurements 
In the thermodynamic model of adhesion the surface free energies of polymer surfaces play 
a large role in determining the wettability of a deposited material. Many common polymers have 
low surface free energy; therefore, they have a tendency to have low wettability as well. Contact 
angle measurements provide an indication of the wettability and an intrinsic measurement of the 
surface free energy. In this work, the contact angle was measured after the respective surface 
treatments and compared to the shear testing results to evaluate if shear strength or adhesive failure 
mode would correlate with contact angle. Contact angle measurements were also evaluated to 
provide an indication if any surface chemistry changes were made with the chemical surface 
treatments. 
Contact angle measurements were performed by using the sessile drop method to assess 
wettability of the substrates. Three 10 µL droplets of DI water were deposited onto three individual 
substrates for each surface treatment type to provide a minimum of 9 measurements per treatment. 
Figure 8.8 shows the contact angle of untreated ABS substrates is 86º, which is typical for 
many polymers. When sand-blasting, the contact angle increases for the current sand-blasting 
parameters. The increase in contact angle suggests the roughness of the substrate is prohibiting to 
the water to wet out as the roughness features are impeding the spreading of the droplet to make it 
more hydrophobic. The chemical surface treatments on the other hand show a decrease in contact 
angle with 70º for flame and 34º for plasma treatment. This suggest the surface treatment are 
removing organic molecules and may also be oxidizing the surface. 
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Figure 8.8: Average contact angle measurements for the respective surface treatments with a 
representative image of the contact angle. 
The optimal conditions for flame treating were found by varying the speed (v) and treating 
distance (d) while measuring the resulting contact angle. One sample with three droplets was 
measured for contact angle at each condition. The Dremel micro-pen torch was mounted into a 3D 
motion system and translated in a serpentine pattern with 5 passes, a 25.4 mm scanning overshoot 
distance in the direction of the long axis of the substrates, and a 3 mm gap  or scanning step-over 
between the centerline of each serpentine pass. The scanning overshoot distance of 25.4 mm was 
selected to avoid the heat affected zone of the micro-pen torch while transitioning the 3 mm step-
over for the next serpentine pass. 
A constant traverse speed of 43 mm/s was selected and then the treating distance was varied 
from 50.8 to 101.6 mm. The lower bound of 50.8 mm was established as any shorter treating 
distance would leave the ABS substrates permanently warped when using the speed of 43 mm/s. 
The minimum contact angle was achieved at 89 mm of treating distance from the flame tool spark 
arrestor to the surface of the substrates with a speed of 43 mm/s, as shown by the valley in Figure 
8.9a. The treating distance of 89 mm was then held constant while varying the speed from 33 to 
80 mm/s. It was found that in this velocity range the contact angle was relatively constant (Figure 
8.9b); therefore the combination of a treating distance of 89 mm and velocity of 43 mm/s was 
selected as the best conditions for this work. These conditions were applied to five ABS substrates 
each with three water droplets to find the average contact angle of 70º, as represented in Figure 
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8.8. The  results found here may not be a global optimum as further research suggests a much 
smaller treating distance may provide better treatment; however, the speed would need to be much 
greater and the 3D motion system used in this work was already approaching the upper speed limit. 
 
Figure 8.9: Flame treatment preliminary optimization for speed (v) and treating distance (d) to 
minimize contact angle: (a) constant speed while varying the treating distance and (b) constant 
treating distance while varying the traverse speed of the flame torch. 
8.4.2 Profilometry 
Profilometry of the substrates provides an indication of any surface topology changes 
subsequent to the respective surface treatments. The surface topography of the substrates was 
characterized by using a Veeco Dektak 150 profilometer. Profilometry specifications include: a 5 
µm radius tip for the contact stylus, 3 mg of contact force, and a spatial resolution of 8 nm and 
0.694 µm in the vertical roughness and horizontal scan directions, respectively. Three scans of 
12.5 mm each in 60 seconds were recorded for three substrates of each surface treatment subset 
(all substrates were measured for the sand-blasted subsets). The average (Ra) and RMS (Rq) surface 
roughness were recorded for each scan and averaged for an overall average and RMS roughness. 
A cut-off length of 3.5 mm was utilized to attenuate any low frequency “waviness” of the 
substrates. 
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Table 8.2: Average (Ra) and root mean square (Rq) surface roughness measurements. 
Surface Treatment Ra (µm) Rq (µm) 
Untreated 0.12 ± 0.07 0.25 ± 0.19 
Sand-blasted 5.11 ± 0.22 6.65 ± 0.32 
Flame 0.07 ± 0.03 0.11 ± 0.07 
O2 Plasma 0.09 ± 0.04 0.13 ± 0.05 
 
Table 8.2 summarizes measurements of the treated surfaces. Sand-blasting significantly 
increases the surface roughness of the ABS substrates which will provide mechanical interlocking 
of deposited materials while possibly increasing friction as well for potential increase in shear 
strength. Both chemical treatments (flame and plasma) show a decrease in the surface roughness, 
but only slightly and within the deviations of the untreated ABS substrates. This suggest very fine 
surface features may be getting eradicated or micro contaminants are being removed with the 
chemical surface treatments. 
8.5 Single Lap Shear Testing 
Single lap shear testing began with testing the adhesive strength of just the adhesives 
themselves (the epoxy and superglue). This was performed to ensure the adhesive would have 
adequate shear strength. The adhesive/substrate bond should be stronger than the ink/substrate 
bond when fabricating the combined single lap shear samples so that failure occurs in the ink or 
ink/substrate bond. 
To evaluate the interfacial strength of the adhesives, the epoxy or superglue was spread 
onto an ABS substrate and then mated to another ABS substrate in an adhesive sandwich with the 
same procedures in the single lap shear fabrication section. Figure 8.10 and Table 8.3 show the 
adhesive strength of the epoxy is ~ 2.6 MPa while the superglue sandwiches failed at ~ 4 MPa. 
The epoxy sandwiches failed with mixed failure while the superglue sandwiches failed with tensile 
failure of the substrate at an estimated substrate stress of 31 MPa, which is in the tensile strength 
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range of ABS [130, 206]. The superglue sandwiches were the only samples to fail with substrate 
failure. 
After finding the strength of the adhesive/substrate interface, the full conductive ink single 
lap shear samples were fabricated to begin testing the ink/substrate interface in the untreated 
condition when depositing conductive ink on the ABS substrates. Untreated ABS samples show 
1.8 – 1.9 MPa of interfacial strength (Figure 8.10/Table 8.3) with insignificant variation between 
adhesives. Both of the untreated ABS subsets also failed at the conductive ink/substrate interface 
with mostly adhesive failure (Table 8.3). Therefore, the selected epoxy and superglue were used 
for evaluating the impact of surface treatments of the ABS substrates to evaluate if an increase in 
adhesive strength could be found since both untreated cases had a lower interfacial strength than 
the adhesive sandwiches and failed at the CB028 ink/ABS substrate interface with mostly adhesive 
failure. 
As seen in Figure 8.10 and Table 8.3, the surface treatments have a profound effect on the 
interfacial strengths and adhesive failure modes of the CB028 conductive ink. Sand-blasting 
significantly increases the interfacial strength of ABS and CB028 by a factor of ~1.8x for both 
adhesives and alters the adhesive failure mode to the more desired cohesive failure (Table 8.3). 
The large surface features of the blasted ABS substrates allow for mechanical anchoring of the 
CB028 while also likely increasing the friction by mechanical interlocking. Flame treatment shows 
approximately 25% increase for interfacial strength of the epoxy adhesive set but then no change 
for the superglue adhesive set; however, in both cases the failure mode altered to mixed failure. 
This suggests there may be some improvement from flame treatment but further testing needs to 
be completed to verify this. Conversely, the O2 plasma treatment in this work has a significantly 
deleterious effect on the interfacial strength of CB028 and ABS and consists of adhesive failure. 
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The plasma treatment may be oxidizing the surface and stripping oxygen molecules on the surface 
to hinder the bond of the CB028 and decreasing the interfacial strength. 
 
Figure 8.10: Single lap shear testing results. 
Table 8.3: Single lap shear numerical data with adhesive failure modes. 
Surface Treatment 
Epoxy 
Avg. Stress (MPa) 
Superglue 
Avg. Stress (MPa) 
Failure Mode 
Adhesive 
Sandwiches 
2.56 ± 0.443 3.97 ± 0.02 Mixed/Substrate 
Untreated 1.89 ± 0.34 1.77 ± 0.31 Mostly adhesive 
Sand-blasted 3.35 ± 0.44 3.29 ± 0.45 Cohesive 
Flame 2.62 ± 0.27 1.86 ± 0.28 Mixed 
O2 Plasma 0.47 ± 0.15 0.53 ± 0.10 Adhesive 
 
Microscope images were captured with scanning electron microscopy (SEM) in order to 
render the failure modes listed in Table 8.3. The SEM images show a representative of the fracture 
surfaces at the ABS-CB028 interface. Figure 8.11 shows the epoxy adhesive set while Figure 8.12 
shows the superglue adhesive set. Overall, the failure modes match well for the epoxy and 
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superglue which suggests the failure at the ink/substrates interface is independent of the adhesives 
utilized in this work. 
When examining Figure 8.11a and Figure 8.12a, some lighter colored particles can be seen 
on the ABS substrate surface (light particles = silver particles from remaining CB028 while dark 
regions = ABS substrate), but the particles are quite scattered and therefore deemed mostly 
adhesive failure for the untreated case. The sand-blasted fracture surfaces of Figure 8.11b and 
Figure 8.12b show lightly colored silver particles coat most of the ABS substrate; therefore 
regarded as cohesive failure as copious of lightly colored silver particles coat the surface. Figure 
8.11c and Figure 8.12c show the flame treated samples have some regions with high concentrations 
of silver remaining on the ABS substrates and even the regions without high concentrations of 
silver show more lightly colored silver particles covering the dark areas of the ABS substrates than 
the untreated samples in Figure 8.11a and Figure 8.12a. Therefore, the flame treated sample sets 
were regarded as mixed failure as there are regions with high concentrations of silver along with 
regions of particles dispersed in a heavier fashion than the untreated samples. The O2 plasma 
treated samples in Figure 8.11d and Figure 8.12d on the other hand show very limited lightly 
colored silver particles remaining; therefore, deemed adhesive failure as very little silver remained 
on the ABS substrate surfaces. 
Energy dispersive spectroscopy (EDS) was also performed on the above SEM images of 
Figure 8.11 and Figure 8.12 to ascertain an approximate value of the remaining silver left on the 
ABS-CB028 fracture interfaces. The EDS analysis of Table 8.4 confirms the interpretation of the 
failure modes in the SEM images. 
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Figure 8.11: SEM images of epoxy adhesive single lap shear set: (a) untreated, (b) sand-blasted, (c) 
flame, and (d) O2 plasma. 
 
Figure 8.12: SEM images of superglue adhesive single lap shear set: (a) untreated, (b) sand-blasted, 
(c) flame, and (d) O2 plasma. 
Table 8.4: EDS results of SEM images above for approximating the remaining silver (Ag wt%) after 
single lap shear testing. 
Surface Treatment Epoxy set Ag wt% Superglue set Ag wt% 
Untreated 0.60 0.82 
Sand-blasting 51.15 46.77 
Flame 24.88 9.49 
O2 Plasma 0.33 0.26 
 
8.6 Discussion 
Ideally, the adhesive used to attach a coating or thin film should have the following 
properties in a quantitative adhesion measurement: (1) the cohesive strength of the adhesive to the 
substrate should be stronger than the cohesive strength of the coating or thin film to the substrate, 
which places the interface of the coating and substrate under test, (2) the adhesion between the 
adhesive and the coating should also be more than that between the coating and the substrate, again 
placing the interface of the coating and substrate under test, and (3) the adhesive should not alter 
200 µm 200 µm 200 µm 200 µm (a) (b) (c) (d) 
200 µm 200 µm 200 µm 200 µm (a) (b) (c) (d) 
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the properties of the coating-substrate interface [199]. It is therefore critical to evaluate if the 
adhesive plays a role in the results of the quantitative adhesion measurement. 
In this work, the role of the adhesive was evaluated by comparing two different adhesives 
while maintaining other variables constant besides the surface treatments with single lap shear 
testing. In general, the two adhesives utilized (Pelco epoxy and superglue) match well for the 
various surface treatments, as evident in Figure 8.10. This reinforces that the failures within the 
ink or ink/substrate interface are independent of the adhesive and that the adhesive is not altering 
the properties of the ink. The only exception was the flame treated samples where the epoxy subset 
increased the interfacial strength by 25% whereas the superglue was relatively unchanged. 
However, in both cases the adhesive failure mode was altered to a mixed failure mode consisting 
of both cohesive failure with high concentrations of silver in some regions and adhesive failure in 
other regions, which suggests an improvement in adhesion. 
When considering the cost effectiveness and processing conditions of the adhesives in this 
work the superglue may be preferred. The superglue is much more economical than the epoxy and 
doesn’t require mixing; but more importantly the superglue sets within minutes as compared to 
several hours for the epoxy. An adhesive that sets in minutes as compared to hours has less chance 
of penetrating into the coating and altering the properties, which may be prevalent if the coating 
wasn’t fully dense and allowed percolation of the adhesive over several hours. Also, superglue 
showed a very strong bond to ABS as the superglue sandwiches actually endured substrate failure. 
In a work by Lin it was also found that cyanoacrylate (superglue) was also the most convenient 
and satisfactory adhesive to apply when single lap shear testing vacuum deposited metallic films 
(gold, aluminum, and copper) on glass and magnesium oxide substrates and found no penetration 
of the superglue into the films was detectable by electron diffraction [207]. 
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In regards to the surface treatments, sand-blasting shows a significant increase in the 
interfacial strength; however, for AM processes sand-blasting is the least attractive surface 
treatment applied in this work. Sand-blasting would be very difficult to integrate into an additive 
manufacturing station and would likely have to be a separate enclosed chamber that the substrate 
or object could be translated into and sealed before blasting. But the blasted component would still 
have to be cleaned and involves too many process steps to be easily integrated in an AM process. 
Also, the rough features of the sand-blasted components may effect electrical performance 
significantly by increasing the dissipative losses of radio frequency printed electronic devices [71, 
72, 148, 149], which poses another disadvantage of sand-blasting. However, sand-blasting shows 
surface features can significantly increase the adhesion performance with mechanical interlocking 
sites. Therefore, the geometric freedom of extrusion or other AM processes could also produce 
designed features or textures that could enhance adhesion of deposited conductive inks. Or a 
separate tool that could scratch or knurl the surface may also produce adhesion promoting textures 
with mechanical interlocking features. Furthermore, a combination of mechanical features and a 
chemical surface treatment could provide maximum adhesion with benefits from mechanical 
interlocking and surface chemistry changes, for instance, a knurling tool that is being torched as it 
is being rotated could provide a texturized surface with adhesion promoting surface chemistry 
changes. 
If the conductive ink was deposited on extruded polymer substrates with undulated 
roughness there may also be some directional interfacial strength dependencies. For instance, 
conductive inks deposited perpendicular to the extruded undulated roughness may have more 
mechanical interlocking and resistance than if printed parallel to the undulated roughness. If there 
was an appreciable difference, this may incite a tradeoff between adhesion and electrical 
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performance while depositing conductive inks onto extruded surfaces, which would need special 
consideration in the design and orientation of printing in order to maximize performance. 
Chemical treatments on the other hand can be readily integrated into a multi-tooled AM 
machine with the use of micro-pen flame torches or plasma pens. Flame treatment only shows a 
marginal improvement in adhesive strength with the parameters in this work. Other processing 
parameters or higher temperature polymers may benefit more from flame treatment as the flame 
treatment could be more intense without the concern of deforming the substrate like that of the 
ABS in this work. For instance, Farris et al. shows the flame treatment for increasing the surface 
energy of polyolefin films is maximum around 2 mm from film to flame and should generally be 
smaller than 10 mm [208]; however, the traverse speed of the flame tool is not mentioned and must 
be relatively fast in order to avoid deforming the polymer substrates. However, if a flame tool 
could be translated fast enough to omit the concern of warping while still functionalizing the 
surface flame treatment could be beneficial as an in-line AM process to increase the resiliency of 
AM printed electronic components. 
Plasma treatment is generally regarded as the “gold standard” for adhesion improvement 
so it was unexpected to see a decrease in the interfacial strength of the materials in this work. 
Perhaps the five minute O2 plasma treatment is oxidizing the surface and inhibiting a strong 
interfacial bond of the ABS and CB028. The plasma treatment time could be reduced or increased 
to see the effects on interfacial strength or the gas could be swapped, for instance, the use of argon. 
It would be expected that as the contact angle for a particular chemical treatment 
progressively decreases, the interfacial strength may increase; however, in this work we did not 
find a correlation with contact angle and adhesion strength of the conductive ink. The contact angle 
measurements do show the ABS surfaces are activating with decreases in contact angle for flame 
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and plasma treatment. A decrease in contact angle intrinsically shows the surface energy is 
increasing and the surface chemistry is changing by eliminating organic contaminants, oxidizing, 
or perhaps even the creation of functional groups (although the functional groups are unlikely for 
the given conditions in this work). Prior research with X-ray photoelectron spectroscopy (XPS) 
shows flame treatment activates the surfaces with functional groups including hydroxyl, carbonyl, 
and carboxyl groups [209-211] while O2 plasma activates different oxygen containing functional 
groups including carboxyl, carbonyl, phenolic, hydroxyl, and aldehyde groups [212-214]. 
The trends found in this work should be relatable to other conductive inks and polymer 
substrate combinations. Many printed electronics have conductive ink thickness less than the 50 
µm in this work but Lin also found that interfacial strength was virtually independent of the 
metallic (Au, Cu, and Al) film thickness between 0.05 to 40 µm for vacuum deposited films [207] 
Micro-dispensed conductive inks tend to have a higher density of metallic particles that collect 
towards the bottom of the cross-section and would be characteristic regardless of thickness, which 
suggests printed electronics with conductive ink thickness < 50 µm may behave similarly if the 
cross-sectional particle distribution was similar [70]. More recent work by Gleich, et al. and Silva 
et al. shows that thinner coatings actually have less interfacial stress at the interfaces of the coating 
and substrates; therefore, thinner coatings of conductive inks with < 50 µm in thickness should 
behave similarly or have added strength as thickness decreases [215, 216]. It is also noteworthy 
that the interfacial strength of the conductive inks even with surface treatments are an order of 
magnitude less than the tensile strength of the polymer in this work. Thus if conductive inks are 
integrated into printed electronics devices/structures, the conductive ink will be the weak point 
and likely the locus of failure when stresses are applied (at least for the electronics). Therefore a 
good design rule would be to position the conductive ink circuits, antennas, or other configurations 
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in low stress regions unless the interfacial strength can be significantly increased to closely match 
the strength of the polymer. 
8.7 Conclusions 
Single laps shear testing can be effective for a quantitative measurement of adhesion for 
conductive inks in printed electronics applications. The two adhesives match well for the varying 
surface treatments which suggests the findings in this work are independent of the adhesive; 
however, superglue may be preferred when adhesion to the polymer substrate (ABS in this work) 
is strong as it is cost effective, doesn’t need mixing, and sets much quicker with less of a chance 
to change the conductive ink or other coatings properties when comparing a two-part epoxy. The 
procedures developed here can be translated to more diverse material subsets of interest including 
high temperature, radar transparent PEEK and custom-formulated conductive inks to further 
optimize the resiliency of printed electronic components in harsh environments. 
Surface treatments show potential to increase the interfacial strength of conductive inks 
and alter the adhesion failure mode. Untreated ABS shows mostly adhesive failure with relatively 
smalls amounts of silver particles from the CB028 conductive ink remaining on the fracture surface 
after shearing. The five minute O2 plasma treatment actually shows a degradation in adhesion in 
this work in which we posit may be due the surface oxidizing and inhibiting bonding of the 
conductive ink to the polymer surface. This result was unexpected and would likely be different 
with different processing conditions or another treatment gas. Flame treatment was the other 
chemical treatment investigated in this work and shows a marginal improvement of the interfacial 
strength of the conductive ink while also altering the failure mode from adhesive to mixed failure 
consisting of both cohesive and adhesive regions. Chemical treatments are appealing for AM 
printed electronics applications as a plasma or flame pen can be integrated into a multi-tooled AM 
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machine for in-line processing. However, other processing conditions need to be explored to 
increase the adhesion performance to make the added tools justifiable. Alternatively, the 
mechanical surface treatment of sand-blasting cannot be readily adapted into an in-line AM 
process as easily as the chemical treatments but shows about a 1.8x increase in the interfacial 
strength while also altering the failure mode from adhesive to cohesive failure, the preferred failure 
mode. 
The geometric freedom of AM processes can produce designed surface features or textures 
that could promote mechanical interlocking and an increase in adhesion strength in a similar 
fashion to sand-blasted surfaces. Designed features or textures could be include grooves, small 
pillars, or knurling that would bypass the need for additional processing (as in the case of sand-
blasting). These designed features or textures could also be produced with the use of an additional 
tool in a multi-tool integrated AM process. Furthermore, in-line surface treatments and designed 
surface features have the potential to maximize adhesion for multi-material AM components; 
however, the type of surface features and beneficial chemical surface treatments need to be 
explored before optimal adhesion can be found. 
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CHAPTER 9  
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 
In this work, it has been shown that (1) smoothing processes can significantly reduce the 
as-printed surface roughness of extruded thermoplastic components and have impacts on 
mechanical and electrical performance, (2) printed electronic components can survive harsh 
environmental testing for qualification in extreme environments, and (3) the development of 
adhesion testing protocols for potential standardization of conductive ink adhesion testing. This 
concluding chapter first reiterates the motivation and goals of this thesis before stating the central 
contributions from the body of work. The conclusions from each major section are then provided 
before recognizing recommendations for future work. 
9.1 Motivation and Thesis Goals 
The motivation for this dissertation resided in evaluating different aspects of AM processes 
with the goal of elucidating the challenges of integrating electronics into AM and improve the 
areas that have a lack of current understanding. This began with performing smoothing processes 
on extruded AM components to improve both mechanical and electrical performance. During this 
investigation, it was also noted the lack of qualification and standardization within AM. For this 
reason, qualification testing of printed electronic components was pursued to evaluate if they can 
survive harsh environments that may be experienced in different industries and defense 
applications. The lack of standardization within AM was addressed with the development of 
potential standards for adhesion testing of conductive inks in which a semi-quantitative and 
quantitative method are both investigated. 
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9.2 Contributions 
The contributions of this dissertation are highlighted here as excerpts from the previous 
chapters:  
1. Vapor polishing/smoothing reduces undulated surface roughness features of extruded ABS 
in the z-direction (normal to the print bed) by 70% and increases the effective hermetic seal 
to combat the porosity of extruded ABS 3D printed packaging. Vapor smoothing also 
maintains dimensional accuracy of the components, but has little effect on mechanical 
properties. 
2. This work is the first to compare qualification methods for hermeticity testing with a MIL 
STD perfluorocarbon gross leak test and an air pressurization test of 3D printed packaging 
to achieve gross hermeticity. The effective gross hermetic seal is appealing for applications 
including electronics packaging to prevent contamination or moisture absorption that may 
compromise electronics functionality. 
3. Vapor and thermal smoothing processes ameliorate the electrical performance of additive 
manufactured radio frequency (RF) electronics by reducing measured dissipative losses up 
to 24% and 40% at 7 GHz, respectively. Thermal smoothing also offers a smoothing 
process that can be precisely controlled spatially, more environmentally benign, relatively 
quicker than vapor smoothing, compatible with most thermoplastics, and has the potential 
to be integrated into a hybrid AM system for in line processing. 
4. Military standards are adapted and printed electronic components are shown to have 
survivability when subjected to harsh environmental conditions including high G impacts 
up to 20,000 G’s and thermal cycling/shocking. It was also found that the surface area to 
mass ratio is important to survive high G’s and mismatches between coefficient of thermal 
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expansion (CTE) for multi-material AM components induces increased resistance for 
multi-material printed electronic components when subjecting to thermal cycling regimes. 
5. Foundational harsh environmental testing was performed to compare and initialize 
qualification procedures for conductive inks to survive harsh environmental conditions 
with adhesion, DC, and RF antenna samples. Adhesion was found to be a prerequisite for 
maintaining printed electronic antenna performance when subjected to harsh 
environmental conditions. 
6. Cross-hatch scratch testing and binary image processing were paired for the first time to 
yield semi-quantitative adhesion measurement. Image processing of binary cross-hatch 
scratch images allows for the amount of coating remaining to be quantified in a percentage 
value after performing the scratch test for numerical comparison instead of a coarser 
pass/fail adhesion evaluation. 
7. This work shows the design, printing, and testing of a semi-automated scratch adhesion 
tester (SAT) for the development of more repeatable adhesion testing. The semi-automated 
SAT bypasses the operator variances of manual cross-hatch scratch testing up to 4x by 
controlling of the speed, depth, and planarity of the scratch by employing a motion control 
system with the SAT. 
8. The development of single lap shear testing methods for quantitative adhesion 
measurements of conductive inks without altering printing and curing conditions. The 
single lap shear testing method also permits repeatable fabrication with the design of a 
fixture that constrains the substrates and coatings while fabricating. Furthermore the 
adhesives (epoxy and superglue) used to attached the cured conductive ink to the opposing 
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ABS shear substrates are shown to agree well as an indication that the adhesives are not 
altering the properties of the conductive ink while shear testing. 
9. Single lap shear testing also showed the influence of surface treatments on the adhesive 
failure mode of conductive inks. Flame treatment and sand-blasting of the ABS substrates 
prior to conductive ink deposition altered the adhesive failure mode from adhesive to mixed 
and cohesive, respectively, while sand-blasting increased the interfacial strength by 2x. It 
is posited that the geometric freedom of AM could be used to design surface textures that 
would increase adhesion in a similar fashion to sand-blasting and a flame tool could also 
increase the adhesion with surface chemistry changes. 
9.3 Smoothing Processes for Extruded 3D Printed Packaging Components 
The inherent layer deposition of AM extruded 3D printed packaging components induces 
the potential for undulated surface roughness, porosity between deposited layers, and anisotropic 
mechanical and electrical properties. Vapor smoothing reduces the surface roughness features 
significantly by partially dissolving the external surfaces through a process similar to viscous 
sintering in which the peaks of the undulated surface roughness “flow” into the low areas of the 
undulated roughness to create a much smoother surface. Vapor smoothing of printed tensile bars 
has a minimal impact on mechanical properties including: elastic modulus, ultimate tensile 
strength, and strain to failure; however, the energy absorption of vapor smoothed tensile bars is 
increased significantly but still well below the level of injection molded parts. In addition, vapor 
smoothing also has the potential to “heal” minor surface defects while also creating a much more 
effective gross hermetic seal between deposited layers, which combats the inherent porosity and 
increases the potential for low pressure fluid or electronics packaging applications. 
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Both vapor smoothing and thermal smoothing (a process in which a localized heat source 
is used to heat and re-flow the material) can improve electrical performance when depositing 
conductive inks on smoothed surfaces for printed electronics. Thermal smoothing outperformed 
vapor smoothing in terms of electrical performance even though vapor smoothed surfaces had 
reduced roughness since vapor smoothing induced cracks into the conductive ink during the 
processing. Thermal smoothing is also more appealing for AM as it has the potential to be 
integrated into a multi-tooled hybrid AM system for in line processing, it can be spatially 
controlled, is compatible with most thermoplastics, doesn’t alter the material composition, and has 
less environmental impact without the use of harsh solvents as with vapor smoothing. 
Additionally, the smoothing processes showed that processing 3D printed components can 
have an impact on performance but there is a lack of qualification and standardization in AM to 
compare the performance or repeatability of fabrication. This realization lead to initializing 
foundational qualification testing of printed electronic components and the development of 
standards for adhesion testing of conductive inks. 
9.4 Qualification and Harsh Environmental Testing 
Until the current work very little (if any) research had been performed to qualify multi-
material printed electronic components for potential application in harsh environments. This work 
shows that multi-material printed electronic components consisting of a substrate, DuPont CB028 
conductive ink circuit, and a die can survive harsh environmental testing including exposure to 
extreme temperature cycling and mechanical shocks up to 20,000 G's. It was also noted that CTE 
matching is an important consideration when fabricating printed electronic components if there is 
potential to be subjected to extreme temperatures since a large CTE mismatch may induce micro-
cracks into the conductive ink when subjected to extreme temperatures. 
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Furthermore, it was shown that DuPont CB028 micro-dispensed onto PEEK substrates has 
resilience to exposure to extreme temperatures and mechanical shocks up to 20,000 G’s; however 
DuPont KA801 does not show the same resilience. The poor resilience was concluded from the 
lack of adhesion when subjected to the harsh environmental testing. The lack of adhesion also 
reflected poor patch antenna performance when subjected to the harsh environmental conditions 
as if adhesion was compromised, the antenna would not remain fully intact. Therefore, adequate 
adhesion is prerequisite for printed electronic antenna performance to ensure quality performance 
prior to being subjected to extreme environments. Lastly, the methods either adapted or developed 
in this section could be incorporated into foundational qualification testing of printed electronic 
components when rapidly screening materials for survivability in harsh environmental 
applications. 
9.5 Standardization for Adhesion Testing of Conductive Inks 
Qualitative adhesion testing can provide quick and coarse indications of adhesion for 
rapidly screening materials for a variety of applications. However, qualitative methods lack a 
quantifiable indication of adhesion strength that can be used as direct comparison against other 
materials and/or application requirements. This work develops a potential standard for both a semi-
quantitative and quantitative adhesion testing for conductive inks or other coatings. The semi-
quantitative method utilizes a semi-automated tool, coined a scratch adhesion tester (SAT), that is 
paired with image processing for repeatable adhesion measurement. The semi-automated SAT 
bypasses the operator experience variable by allowing control of the speed, depth, and planarity of 
cross-hatch scratch testing. The SAT shows approximately 4x less variation when comparing 
manual cross-hatch scratch testing. 
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Single lap shear testing was performed as a quantitative measurement of adhesion for 
conductive inks. Single lap shear testing with the use of two adhesives (epoxy and superglue) to 
bond the conductive ink to the shear substrates without altering conductive ink printing and curing 
conditions show that surface treatments prior to conductive ink deposition can improve interfacial 
adhesion strength and alter the adhesive failure mode. The surface treatment of sand-blasting 
increased the interfacial strength by approximately 2x; however, for AM processes sand-blasting 
is not appealing. But the geometric freedom of AM can be taken advantage of to design surface 
textures that may increase the adhesion of conductive inks in a similar fashion to the rough 
irregular features of sand-blasting. Furthermore, flame treatment of the substrates shows marginal 
improvement of the interfacial adhesion strength, which could be implemented into an AM system 
more readily than sand-blasting processes. Also, if chemical surface treatments like flame 
treatment were combined with designed AM surface textures the interfacial adhesion strength 
could be maximized with benefits of surface chemistry changes and mechanical anchoring. 
9.6 Recommendations for Future Work 
The final section includes recommendations for future work that will further enable AM to 
share increasingly more application space and are listed below: 
1. Vapor smoothing was shown to decrease the surface roughness dramatically and increase 
the effective hermetic seal while also maintaining dimensional tolerances; however, there 
was little impact on mechanical properties. This is likely due to the vapor smoothing 
process conducted in this work primarily being a surface mediated effect meaning that the 
surface of the components are effected but the internal volume remains unchanged. 
Without internal volume changes to the interlaminar layers, the stress concentrations from 
crack initiation sites between the layers are still present and little improvement will be 
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observed for mechanical properties. However, if a vapor smoothing process was able to 
penetrate into the volume of the component and heal the internal layers to make a 
continuous structure while also surface smoothing and maintaining dimensional tolerance, 
mechanical properties could show a significant improvement and approach bulk material 
properties. Vapor smoothing is a balance of treatment time to reduce the undulated features 
versus maintaining dimensional tolerances, so a new way of vapor smoothing would need 
to be devised in order to increase the treatment to penetrate the volume while maintaining 
dimensional tolerances. Perhaps this could be facilitated with the addition of heat and/or 
convective current flow but heating solvents can be dangerous. 
2. Thermal smoothing could be expanded in many ways. The first recommendation would be 
to increase the effectiveness of the smoothing to reduce the undulated surface roughness to 
match that of vapor smoothing. This could likely be achieved using a higher intensity light 
source or concentrated heat source (a flame torch for instance). However, higher intensity 
light or a concentrated heat source would also need to compensate for the potential increase 
in deformation due to thermal processing (warping for instance). Reduced surface 
roughness could increase the electrical performance even further than what was observed 
in this work. 
3. Furthermore, thermal smoothing could also be applied in an interlaminar ‘curing’ process 
between the successive layers of an extrusion process. If each layer was additionally cured 
with a thermal process before another layer was deposited there could be benefits of added 
strength and higher density by increasing the fusion between each layer. This ‘thermal 
curing’ process could be facilitated with either a standalone unit that the print bed and 
components translates underneath for curing each layer or with a thermal curing tool that 
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treats each layer ahead of the deposition of the extruded polymer. This may allow a more 
continuous structure to be constructed with a higher degree of fusion between each layer 
and the potential for mechanical properties to reach that of bulk materials. 
4. The harsh environmental testing needs to be expanded to further qualify printed electronic 
components. Additional testing could be with a variety of vibration regimes (i.e. high 
frequency/low amplitude and/or low frequency/high amplitudes), electrical shock and 
fatigue testing, mechanical bend and fatigue testing, even further extreme temperature 
exposures and cycling, and also more extreme mechanical shock testing. The applications 
of printed electronics will become more diverse as more qualification testing is conducted 
with variegated harsh environmental testing. 
5. Cross-hatch scratch testing with a semi-automated device (for instance a scratch adhesion 
tester—SAT) could be used as a repeatable device to test a variety of different coatings on 
a variety of different substrates. The adhesion of an individual coating may act very 
differently on different substrates, especially on materials that exemplify multiple 
mechanisms of adhesion versus those that don’t. Also, chemical inertness may play a role 
in adhesion of some materials as the coating may not adhere well. Furthermore, a 
repeatable scratch testing method could be utilized to test the adhesion with varying 
temperatures readily by using hot plates or cold chambers to induce either hot or cold 
environments. Cross-hatch scratch testing with a SAT could also be compared against the 
manual cross-hatch scratch testing results with a variety of different operators and 
laboratories to conduct round robin testing to further prove its usefulness when comparing 
the performance across labs. 
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6. Single lap shear testing with a variety of conductive inks and substrates will need to be 
evaluated to find a quantitative measurement of adhesion while also confirming the 
adhesive used is insensitive to the test results. A variety of surface treatments can be 
investigated including: different plasma treatments varying the gas and duration, different 
flame treating parameters with speed and treatment distance, designed surface textures 
using the geometric freedom of AM, and a combination of surface treatments. The surface 
treatments that can be performed in situ during a hybrid AM process are the most appealing 
to increase the adhesion without increasing the processing stages of manufacturing. 
7. As printed electronics continue to grow 3D geometries will need to be assessed in harsh 
environments. Resilience to harsh environments may be very different for a 3D geometry 
and especially when conformal to a structure as the stress states will be much more 
complex. Structural electronics also incorporating lattice structures can enhance printed 
electronic performance by reducing weight and material consumption but also offering 
mechanical protection of embedded devices. For instance, if an electronic component (e.g. 
antenna) was embedded within an internal lattice structure, the lattice structure could 
protect the electronic component by dissipating mechanical stresses through the lattice 
structure and minimize the stresses on the electronic component. In line chemical 
treatments with the use of designed AM surface textures could optimize adhesion of 
conductive inks and combined with embedded electronics within lattice structures or 
conformal structural electronics allow innovative electronics of the future. 
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